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EXECUTIVE  SUMMARY 


This  document  is  a  first  revision  ot  the  Composite  Failure  Analysis  Handbook,  dated  February  1992,  which  was 
issued  jointly  by  the  Air  Force  and  the  FAA  under  report  numbers  WL-TR-9 1-4032  and  DOT/FAA/CT-91/23, 
respectively. 

The  Composite  Failure  Analysis  Handbook  was  developed  to  meet  an  obvious  need  on  the  part  of  accident 
investigators  for  key  information  on  the  failure  characteristics  of  organic  matrix  fiber  reinforced  composites 
undergoing  failure  due  to  structural  loading.  The  scope  of  the  Handbook  included: 

•  Failure  analysis  logic  networks 

•  Guidelines  for  data  gathering  and  handling  techniques  for  field  representatives 

•  Fractographic  techniques  for  composite  failure  analysis 

•  Data  base  on  fractographic  characteristics  of  composite  material  failures 

•  Description  of  case  studies  illustrating  the  validity  of  the  failure  analysis  system  presented  in  the 
Handbook 

In  addition  to  carbon-,  aramid-,  boron-,  and  glass-reinforced  epoxies,  the  fractographic  data  base  of  the  Handbook 
dealt  with  carbon  reinforced  polyimide,  bismaleimide,  and  thermoplastic  material  systems.  Both  static  and  fatigue 
loaded  specimens  were  considered  for  in-plane  loading  paiallel  (  translaminar  )  and  normal  (  intralaminar  )  to  the 
fibers  as  well  as  out-of-plane  (“interlaminar”)  loading  and  in-plane  shear  loading.  Effects  of  environment  on  the 
failure  characteristics  presented  included  those  ot  elevated  temperature  and  humidity. 

Subsequent  to  the  initiation  of  effort  leading  to  development  of  the  Handbook  it  became  apparent  that  information  in 
addition  to  what  had  been  planned  for  the  first  release  of  the  Handbook  was  desirable,  as  a  result  of  which  the 
present  document  was  developed.  In  addition  to  providing  for  an  expansion  of  the  fractographic  database,  additional 
case  studies  are  provided.  In  particular,  new  fractographic  results  are  provided  both  on  material  types  previously 
considered  (AS4/3501-6  carbon  epoxy  and  AS4/APC-2  carbon  thermoplastic)  and  on  a  number  of  additional  carbon 
reinforced  organic  matrix  materials  (AS4/KIII  carbon  reinforced  thermoplastic  polyimide,  C3K8-HS/PMR-15  versus 
the  AS4/PMR-14  carbon  polyimide  considered  in  the  first  release,  and  AS4-5250-3  versus  the  AS4/MR-54-4  carbon 
bismaleimide  of  the  first  release).  In  addition,  carbon  and  glass  reinforced  forms  of  the  150°F  curing  German  resin 
“Rutapox”  L-2()/SL  encountered  in  the  European  aircraft  industry  were  characterized.  This  present  Update  1  also 
provides  characterization  results  not  available  previously  on  honeycomb  reinforced  sandwich  materials  containing 
carbon  epoxy  skins. 

In  addition  to  new  composite  materia!  systems,  characterization  results  are  provided  for  additional  loading  modes, 
including  open  hole  compression  and  tension.  Results  are  also  provided  for  structural  fatigue  exposures  of  the  new 
materials,  as  well  as  for  the  carbon  epoxy  materials  previously  considered  for  elevated  temperature  environments. 
New  results  on  environmental  degradation  effects  of  JP4  jet  fuel,  hydraulic  fluid,  and  other  potentially  degrading 
substances  encountered  in  the  aircraft  service  environment  are  presented. 

New  case  studies  aimed  at  verifying  the  failure  analysis  procedures  provided  by  the  Handbook  include  an  assessment 
of  a  failed  aircraft  wing  component  and  evaluation  of  failure  processes  in  a  honeycomb  sandwich  specimen  and  a 
simple  angle  component. 
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SECTION  1 
INTRODUCTION 


1.1  Background 

With  increasing  use  of  carbon-fiber-reinforced  plashes  for  structural  applications,  a  handbook  was  needed  that 
would  assist  in  analyzing  failed  structural  components.  To  address  this  concern,  a  number  of  contracts  were  initiated 
by  the  Air  Force  and  the  FAA  to  develop  such  a  document,  which  ultimately  resulted  in  the  initial  publication  of  a 
composite  failure  analysis  handbook.  This  handbook  included  all  of  the  essential  information  and  procedures  needed 
to  thoroughly  analyze  a  composite  structural  component  failure.  However,  because  of  continual  developments  in 
composite  materials  technology  and  their  applications,  it  is  necessary  for  the  handbook  to  be  a  “living  document” 
and  to  be  updated  routinely. 

1.2  Program  Objectives 

WRDC  Contract  F33615-85-C-5010,  “Post  Failure  Analysis  Compendium  for  Composite  Structures,”  was 
one  of  the  contracts  that  provided  information  for  the  publication  of  the  handbook.  As  an  expansion  to  this  contract, 
another  contract  (F33615-86-C-5071,  “Composite  Failure  Analysis  Handbook”)  was  awarded  that  consisted  of  the 


following  tasks: 

•  Task  1: 

Development  of  Handling  and  Data  Gathering  Techniques  for  Field  Representatives 

•  Task  2: 

Expansion  of  Fractographic  Techniques  in  Composite  Failure  Analysis 

•  Task  3: 

Expansion  of  the  Fractographic  Database 

•  Task  4: 

Development  of  Data  Formats 

•  Task  5: 

Documentation  of  Material  Properties 

•  Task  6: 

Verification  of  the  Composite  Failure  Analysis  System  (by  performing  a  demonstration  on  two 

structural  test  items) 

•  Task  7: 

Documentation 

1 


•  Task  8: 


Administrative  Management 


•  Task  9:  Meetings 

Tasks  1, 2, 4,  and  5  were  completed  under  the  original  contract,  with  the  results  of  this  work  having  been  presented 
in  the  final  interim  report.  Tasks  3, 6,  and  7  were  expanded  as  an  add-on  contract  to  the  original  contract  (F33615- 
86-C-5071).  This  report  summarizes  the  work  done  as  a  part  of  the  add-on  contract  to  these  tasks. 
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SECTION  2 

TASK  3:  EXPANSION  OF  THE  FRACTOGRAPHIC  DATABASE 


2.1  Objective 

The  objective  for  this  task  was  to  provide  additional  fractographic  information  for  the  existing  database.  The 
task  included  examining  material  systems  that  have  been  previously  studied  but  tested  under  different  conditions, 
which  were  not  covered  under  the  original  SOW.  In  addition,  other  composite  material  systems  not  previously 
examined  were  studied:  a  thermoset  epoxy  from  Germany  (Rutapox)  using  both  fiberglass  and  carbon  reinforcing 
fibers,  a  toughened  thermoset  (BMI/AS4),  a  pscudothermoplasUc  (KIII/AS4),  and  a  thermoplastic  (LARC-TPI/AS4). 

2.2  Approach 

The  overall  approach  to  the  fractographic  database  expansion  followed  a  sequence  that  involved  purchasing  the 
materials,  fabricating  test  panels  and  specimens,  testing  the  specimens  according  to  an  Air  Force-approved  test 
matrix,  and  documenting  the  fracture  surfaces. 

Purchasing  the  materials  was  essentially  routine,  except  for  the  LARC-TPI  and  the  Rutapox  materials.  The 
major  problem  with  LARC-TPI  is  in  achieving  uniform  wetting  of  the  fibers  with  the  resin  matrix  material.  This 
was  attempted  twice  by  Mitsui  Toatsu  Chemicals.  In  both  cases,  they  failed  to  produce  a  uniform  prepreg  material 
for  subsequent  fabrication.  Because  this  program  was  not  a  development  project,  further  work  on  this  material  was 
stopped.  The  other  material  that  was  difficult  to  purchase  was  the  Rutapox  resin.  A  number  of  difficulties  were 
encountered  in  the  purchasing  procedure  because  the  material  was  from  a  foreign  source  (Germany)  for  a  U.S.  Air 
Force  program.  Consequently,  there  was  a  long  delay  in  receiving  the  material. 

Fabrication  of  the  panels  and  specimens  was  also  routine  based  on  the  standard  processing  parameters  of  the 
materials.  Figures  2-1  and  2-2  show  the  types  of  specimens  used  to  obtain  the  variety  of  fracture  modes.  All 
material  was  ordered  in  prepreg  form,  except  for  the  Rutapox  materials.  Since  this  material  is  used  primarily  with 
fiberglass  and  carbon  fiber  fabrics,  no  prepreg  forms  were  available.  Consequently,  it  was  initially  proposed  that  a 
prepreg  form,  using  the  resin  and  fiberglass  or  carbon  tows,  would  be  made  at  Boeing  and  used  to  fabricate  the  panel. 
However,  after  further  investigation,  that  was  determined  to  be  unfeasible.  It  was  then  decided  to  lay  up  most  of  the 
panels  using  the  fabric  material.  A  few  of  the  panels  would  still  require  a  hand  layup  using  the  tows  so  as  to 
produce  a  pure  translaminar  fracture. 

Except  for  the  LARC-TPI  material,  testing,  with  several  modifications  as  noted,  was  performed  according  to 
the  proposed  test  matrix,  shown  in  Figures  2-3  through  2-9.  These  tests  were  designed  to  provide  a  number  of 
different  fracture  modes  from  which  the  fractography  would  be  documented.  Because  most  of  the  tests  and  specimens 
were  considered  to  be  standard,  very  few  problems  were  encountered.  Most  of  the  problems  appeared  during  fatigue 
testing,  specifically  the  open  hole  tension  and  compression  tests.  The  fatigue  tests  were  limited  by  the  number  of 
cycles  due  to  financial  and  schedule  constraints.  As  a  result,  the  open  hole  tension  (OHT)  and  open  hole  compression 
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Figure  2- 1.  Specimen  Configurations  for  Expansion  of  the  Fractographic  Database 
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Figure  2-5.  Test  Plan  for  Short-Term  Environmental  Exposure  (SOIV  4.3.5) 
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Figure  2-7.  Failure  Analysis  of  Honeycomb  Sandwich  (SOIV  4.3. 7) 
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Figure  2-9.  Fractography  of  Glass/1  SO'^F  Cured  Epoxy  and  Carbon/1  BO'^F  Cured  Efxoxy  (SOW  4.3. 10) 
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(OHC)  specimens  did  not  exhibit  the  desired  amount  of  damage  to  effectively  document  a  transverse  fatigue  fracture 
surface.  The  rest  of  the  fatigue  specimens  were  cycled  enough  to  produce  an  adequate  fracture  surface  for 
documentation. 

Fractographic  documentation  was  done  following  testing  of  the  specimens  using  optical  and  scanning  electron 
microscopy.  An  exception  was  the  work  done  to  document  the  fractures  and  damage  in  the  tested  honeycomb 
specimens.  For  the  single  cantilevered  beam  specimen,  the  fractured  honeycomb  material  and  resin  meniscus  regions 
were  examined.  The  three-point  bending  shear  specimens  could  only  be  analyzed  initially  by  external  observation, 
such  as  the  deformation  of  the  face  sheets  and  the  honeycomb  side  of  the  specimens.  Other  techniques  were  used  to 
further  document  the  honeycomb  core  damage,  however  they  were  unable  to  provide  satistfactory  results. 
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SECTION  3 
TASK  3:  RESULTS 
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SECTION  3.1 
CARBON/EPOXY 
3501-6/AS4 


3.1.1  Introduction 

This  section  presents  the  results  of  additional  fractography  performed  on  AS4/3501-6  graphite/thermoset 
(Gr/Ep)  test  coupons.  This  material  system  is  used  in  many  aerospace  applications  and  is  considered  a 
'‘baseline”  thermoset  composite  system.  Consequently,  this  system  has  been  studied  extensively  to  make  the 
most  complete  fractographic  database  a  baseline  for  the  other  composite  system. 

The  additional  fractography  includes  examination  of  interlaminar  fracture  coupons  that  were  subjected 
to  fatigue  loading  at  high-  and  low-stress  levels,  botli  at  room  temperature  and  270‘"F  (dry).  Also,  a  number  of 
interlaminar  and  translaminar  coupons  were  subjected  to  different  long-tenn  environmental  exposures  then 
stcitically  tested. 

3.1.2  Fatij^ue 

Interlaminar  Mode  II  (Shear)  High  and  Low  Stress  Levels,  RT  and  270°F/Dry 

The  typical  mode  II  crack  propagation  features  were  easily  identified  on  the  surfaces  of  both  specimens. 
In  addition,  indications  of  fatigue  loading,  in  the  form  of  fatigue  crack  growth  increments  or  striations,  were 
visible  on  the  low-stressed  specimen.  They  were  observed  only  on  the  exposed  fibers  at  the  high  optical  and 
SEM  magnifications.  Even  tliough  the  high-stressed  fracture  surface  was  thoroughly  examined,  no  striations 
w'ere  found.  Figures  3.1-1  through  3.1-4  show  optical  and  SEM  fractographs  of  interlaminar  mode  II  fatigue  at 
high  and  low  stress  levels. 

Interlaminar  Mode  I  (Tensile)  Low  Stress  Level,  270^F/Dry 

The  mode  I  crack  propagation  features  were  not  easily  seen  on  the  fracture  surfaces  (Figures  3.1-5  & 
3.1-6)  unlike  a  typical  static  load  fracture  surface.  There  were  more  features  indicative  of  mode  II  (shear), 
such  as  hackles,  throughout  the  surfaces.  But  these  corresponded  to  the  fiber  pullout  fractures  than  the  overall 
crack  propagation.  Neither  did  these  features  generally  indicate  the  overall  crack  propagation  direction. 

3.1.3  Long-Term  Environmental  Exposure 

Interhiminar  mode  I  and  translaminar  (±45®  tensile)  specimens  (Figures  3.1-7  -  3.1-26)  were  exposed  to 
the  following  environmental  conditions: 

•  Soaking  in  deicing  fluid  for  14  days 

•  Freezing  the  specimens  at  -20®F  for  14  days 

•  Exposure  to  UV  radiation  per  MIL-STD-810 
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•  Thermal  cycling  between  -65°  F  and  140°F  for  2000  cycles 

•  Moisture  -  Dryout  cycling  for  4  monthly  periods 

Following  die  exposures,  the  specimens  were  tlien  tested  and  examined.  Fractographic  analysis  ot  the 
surface  morphologies  revealed  no  abnormal  or  unusual  surlace  features  on  any  ot  tlie  specimens. 
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100X  400X 

Figure  3.1-3.  Optical  Fractographs  of  3501-6/AS4  Interlaminar  Mode  II  (Shear)  Fatigue,  High-Stress  Loading,  270°F 
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Figure  3. 1-5.  Optical  Fractographs  of  a  3501/AS4  Interlaminar  Mode  I  (Tensile)  Fatigue  Fracture  Surface,  270' 


ire  3.1-6.  SEM  Fractographs  of  a  3501/AS4  lf}terkiminaf  Mode  I  (Tensile)  Fatigue  Fracture  Surface,  270''''  I 
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30-degree  tilt  400  X  30-degree  tilt  2,000  X 

Figure  3. 1-8.  SEM  Fractographs  of  3501-6/AS4  Interlaminar  Mode  I  Tension,  Specimen  Exposed  to  Deicing  Fluid 


SEM  Fractographs  of  a  3501 -6/AS4  ±  45  Tensile  Specimen  Exposed  to  Deicing  Fluid,  Interlaminar  Surface 


Fractographs  of  a  3501-6/AS4  ±  45  Tensile  Specimen  Exposed  to  Deicing  Fluid,  Translaminar  Surface 
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30 


(b)  400X  (c)  2000X 

Figure  3. 1-14.  SEM  Fractographs  of  a  3501-6/AS4  ±  45  Tensile  Specimen  Tested  at  -20°  F,  Translaminar  Surface 
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•tographs  of  3501 -6/AS4  Interlaminar  Mode  I  Tension,  Specimen  Exposed  to  UV  Radiation 


(b)  400X  60  degree  tilt  (c) 

SEM  Fractographs  of  a  3501 -6/AS4  ±  45  Tensile  Specimen  Exposed  to  UV  Radiation,  Interlaminar  Surface 
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(b)  400X  (c)  2000X 

Figure  3. 1-18.  SEM  Fractographs  of  a  3501-6/AS4  ±  45  Tensile  Specimen  Exposed  to  UV  Radiation,  Translaminar  Surface 
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Figure  3. 1-19.  Optical  Fractographs  of  3501 -6/ AS4  Interlaminar  Mode  I  (Tension),  Specimen  Thermally  Cycled  Prior  to  Loading 
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30  degree  tilt  (b)  400X  30  degree  tilt  (c)  2000X 

Figure  3. 1-20.  SEM  Fractographs  of  a  3501-6/AS4  Interlaminar  Mode  I  Tension  Fracture  Surface,  Thermally  Cycled 
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30  degree  tilt  (b)  400X  30  degree  tilt  (c)  2000X 

Figure  3.1-24.  SEM  Fractographs  of  a  3501 -6/AS4  Interlaminar  Mode  I  Tensile  Fracture  Surface  Tested  After  Moisture/Dryout  Cycling 
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(b)  400X  (c)  2000X 

Figure  3. 1-25.  SEM  Fractographs  of  a  3501-6/AS4  ±45°  Tensile  Specimen  Tested  After  Moisture/Dryout  Cycling,  Interlaminar  Surface 
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(b)  400X  (c)  2000X 

Figure  3. 1-26.  SEM  Fractographs  of  a  3501 -6/AS4  ±45°  Tensile  Specimen  Tested  After  Moisture/Dryout  Cycling,  Translaminar  Surface 
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SECTION  3.2 

CARBON/THERMOPLASTIC  POLYIMIDE 
AS4/KIII 


3.2.1  Introduction 

This  section  presents  the  results  of  fractography  performed  on  the  AS4/KIII  graphite/thermoplastic 
polyimide  (Gr/TPP)  test  coupons.  The  Gr/TPP  composite  system  is  a  high-temperature  thermoplastic  that  is 
being  considered  for  a  variety  of  applications  in  aerospace  structures.  The  tests  performed  include  both 
interlaminar  and  translaminar  test  coupons.  These  test  coupons  were  loaded  statically  at  room  temperature 
and  at  400°F  (dry).  Sections  from  the  room  temperature  coupons  were  individually  exposed  to  various 
environments  to  determine  whether  the  surface  morphology  would  be  affected  by  these  conditions.  In  addition, 
interlaminar  mode  II  (shear)  test  coupons  were  subjected  to  cyclic  loading  to  produce  a  fatigue  crack  fracture 
surface  for  characterization. 

3.2.2  Static  Loading 

Interlaminar  Mode  I  (Tension),  RT/Dry 

The  fracture  morphology  of  the  specimens  exhibited  similar  features  as  those  of  the  PEEK  material 
system,  which  is  a  true  thermoplastic.  On  a  macroscopic  scale,  numerous  loose  fibers  were  on  the  surface  due 
to  fiber  pull-out.  Microscopically,  these  features  include  the  slow  ductile  peeling  of  the  matrix  craze  filaments, 
which  produce  a  limited  river  pattern  and  some  cusps,  which  are  generally  associated  with  mode  II  (shear) 
loading  (Figures  3.2-1  and  3.2-2). 

Interlaminar  Mode  I  (Tension),  400°F/Dry 

This  fracture  surface  was  generally  similar  to  the  RT  surface  but  with  minor  differences  such  as  fibers 
pulled  out  from  the  surface  and  slightly  larger  matrix  craze  filaments  (Figures  3.2-3  and  3.2-4). 

Interlaminar  Mode  II  (Shear),  RT/Dry 

As  with  the  mode  I  (tensile)  case,  the  mode  II  (shear)  surface  morphology  exhibited  features  similar  to 
those  of  the  PEEK  specimens,  except  that  there  were  no  loose  fibers  on  the  surface.  This  morphology  was  also 
similar  to  the  KII1/AS4  mode  I  surface,  making  it  difficult  to  determine  the  loading  condition  (Figures  3.2-5 
and  3.2-6). 

Interlaminar  Mode  II  (Shear),  400°F/Dry 

There  were  no  significant  differences  between  the  fracture  morphology  of  the  RT  and  the  elevated 
temperature  test  specimens  as  shown  in  Figures  3.2-7  and  3.2-8. 
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Translaminar  Mode  I  (Tension),  RT/Dry 

The  overall  appearance  of  the  room  temperature  fracture  morphology  was  typical  of  a  notched  four-point 
tensile  specimen,  exhibiting  a  very  jagged  surface.  The  fracture  origins  on  the  fiber  ends  were  easily  visible 
and  generally  indicated  the  overall  mechanically  induced  crack  direction  (Figure  3.2-9).  The  interlaminar 
surfaces  (Figure  3.2-10)  were  identical  to  the  mode  I  fracture  morphology  as  described  above. 

The  specimen  tested  at  400°F  did  not  fracture  transversely;  it  only  bent  and  buckled.  Consequently,  no 
fractographic  data  is  available  for  this  fracture  configuration. 

3.2.3  Fatigue 

Interlaminar  Mode  I  (Tension),  RT  and  350°F/Dry 

Both  the  RT  (Figures  3.2-11  &  3.2-12)  and  the  350'^F  tested  specimens  (Figures  3.2-13  &  3.2-14) 
exhibited  similar  fracture  features  which  appeared  to  resemble  a  mode  II  (shear)  morphology.  The  resin 
material  between  the  fibers  contained  hackles  which  indicated  the  overall  crack  growth  orientation.  No 
rivermarks  or  other  distinctive  mode  I  features  were  observed. 

Interlaminar  Mode  II  (Shear),  RT  and  350°F/Dry 

Examination  of  the  fracture  surfaces  did  not  reveal  any  definite  indications  of  fatigue,  except  for  a 
feature  that  may  be  related  to  the  cyclic  loading.  This  feature  appeared  to  be  typical  of  a  mode  II  hackle. 
However,  when  observed  at  high  magnification  the  feature  appears  to  be  wider  and  thinner  than  similar 
hackles  on  statically  loaded  specimens.  This  feature  was  observed  both  on  the  RT  specimen  (Figures  3.2-15 
and  3.2-16)  and  the  350°F  tested  specimens  (Figures  3.2-17  and  3.2-18). 

3.2.4  Short-Term  Environmental  Exposure 

Interlaminar  Mode  II  Surfaces 

Examination  of  the  mode  II  surfaces  (Figure  3.2-19  through  Figure  3.2-25)  exposed  to  the  various 
environments  revealed  that  the  hydraulic  fluid  (Figure  3.2-19)  and  JP4  jet  fuel  (Figure  3.2-20)  slightly 
degraded  the  fracture  features.  The  fibers  appeared  to  be  “cleaner”  when  compared  to  the  control  specimens. 
However,  this  did  not  alter  the  surface  morphology  enough  to  prevent  identification  of  the  mode  II  fracture 
features,  such  as  the  cusp  and  matrix  filaments. 

Interlaminar  Mode  I  Surfaces 

None  of  the  exposure  conditions  appeared  to  have  degraded  the  fracture  features  (Figure  3.2-26  through 
Figure  3.2-32). 
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-e  3.2-2.  SEM  Fractographs  of  a  KIII/AS4  Interlaminar  Mode  I  Shear  Fracture  Surface  Tested  at  RT/Dry 

2405.09 


Figure  3.2-3.  Optical  Fractography  of  KIII/AS4  Interlaminar  Mode  I  Tension  Specimen  Tested  at  40CPF/Dry 


KIII/AS4  Interlaminar  Mode  I  (Tension)  Fracture  Surface,  400°F 


Optical  Fractography  of  KIII/AS4  Interlaminar  Mode  II  Shear  Specimen  Tested  at  RT/Dry 


Fractographs  of  a  KIII/AS4  Interlaminar  Mode  II  Shear  Fracture  Surface 


Fractographs  of  a  KIII/AS4  Interlaminar  Mode  II  (Shear)  Fracture  Surface,  400°F 


53 


(b)  400X  (c) 

Figure  3.2-9.  SEM  Fractographs  of  a  KIII/AS4  NAptT  Specimen,  Transverse  Fracture  Surface,  Room  Temperature 
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Figure  3.2-12.  SEM  Fractographs  of  a  KIII/AS4  Interlaminar  Mode  I  (Tensile)  Fatigue  Fracture  Surface,  RT 
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Figure  3.2-13.  Optical  Fractographs  of  a  KIII/AS4  Interlaminar  Mode  I  (Tensile)  Fatigue  Fracture  Surface,  350' 


ire  3.2-14.  SEM  Fractographs  of  a  KIH/AS4  Interlaminar  Mode  I  (Tensile)  Fatigue  Fracture  Surface,  350' 
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Figure  3.2-15.  Optical  Fractographs  of  KIII/AS4  Interlaminar  Mode  II  (Shear)  Fatigue,  Room  Temperature,  High  Stress 
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60  degree  tilt  (b)  400X  60  degree  tilt  (c)  2000X 

Figure  3.2-16.  SEM  Fractographs  of  a  KIII/AS4  Interlaminar  Mode  II  (Shear)  Fatigue  Fracture  Surface,  Room  Temperature 
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Figure  3.2-17.  Optical  Fractographs  of  KIII/AS4  Interlaminar  Mode  II  (Shear)  Fatigue,  35CP  F,  High  Stress 
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60  degree  tilt  _  (b)  400X  60  degree  tilt  (c)  2000X 

Figure  3.2-18.  SEM  Fraciographs  of  a  KIII/AS4  imerlaminar  Mode  II  (Shear)  Fatigue  Fracture  Surface.  350'-'  F 
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SEM  Fractographs  of  a  KIII/AS4  Interlaminar  Mode  II  Shear  Fracture  Surface  Exposed  to  Hydraulic  Fluid  for  7  Days 


to  Ultrasonic  Agitat 
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60  degree  tilt  (b)  400X  60  degree  tilt  (c)  2000X 

Figure  3.2-22.  SEM  Fractographs  of  a  KIII/AS4  Interlaminar  Mode  II  Shear  Fracture  Surface  Exposed  to  MEK  for  24  Hours 

2405.02  9-5576  D1ai 


3.2-23.  SEM  Fractographs  of  a  KIII/AS4  Interlaminar  Mode  II  Shear  Fracture  Surface  Exposed  to  Acetone  for  24  Hours 


Fractographs  of  a  KIII/AS4  Interlaminar  Mode  II  Shear  Fracture  Surface  Exposed  to  Soap  Solution  for  24  Hours 
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30  degree  tilt  (b)  400X  30  degree  tilt  (c) 

Figure  3.2-27.  SEM  Fractographs  of  a  KIIIAS4  Interlaminar  Mode  I  Tension  Fracture  Surface  Exposed  to  JP4  Jet  Fuel  for  7  Days 


T> 

<D 

O 

Zi 

■O 

c 

c 

O 

XS 

.9. 

o 

1— 

d 

nj 

-O 

x: 

o 

o 

Q> 

OJ 

o 

X 

o 

CM 


-VS  5 

'A  ''(-"^''fi  I  4^'  </>'  ‘'fl'i'  ^  ^ 

■^i 

'  %  1 4  Ife  .f  ifc  %  5 1' i  ■  r " 4?'"  u  ; 


-  i'^''  > If  1*5  '4% 

.I-  4.  j.i‘--.:;i”|-e:j-is-nr 


i'|:"|jp 

'I  f 'i>' 
'  ■?:=  if: 

i  '  '  || ' 

'  i  li'/' 


:?4ltl-»Vi'i  -j- 


fl” '  ?  ' 

A  •  ^ 

"  ’  /  4  4  ■ 

'i'" 

?5  • 

j'  . 

"ff  ''f 

m 

.  '  ■'<: 

'  1 

; 

'?  ''' 

\m  \ 

m 

X 

0) 

0> 

O) 

o 

“D 

O 

CO 


73 


30  degree  tilt  (b)  400X  30  degree  tilt  (c)  2000X 

Figure  3.2-29.  SEM  Fractographs  of  a  KIII/AS4  Interlaminar  Mode  I  Tension  Fracture  Surface  Exposed  to  MEK  for  24  Hours 
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30  degree  tilt  (b)  400X  30  degree  tilt  (c)  2000X 

Figure  3.2-32.  SEM  Fractographs  of  a  KIII/AS4  Interlaminar  Mode  I  Tension  Fracture  Surface  Exposed  to  Fire  Retardant  Foam  for  7  Days 
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SECTION  3.3 
CARBON/POLYIMIDE 
AS4/PMR-15 


3.3.1  Introduction 

This  section  contains  additional  data  for  the  AS4/PMR-15  graphite/poly imide  (Gr/PI)  fractographic 
database.  The  additional  tests  were  designed  to  allow  the  characterization  of  interlaminar  fracture  surfaces, 
which  were  the  result  of  fatigue  crack  growth  and  surfaces  that  have  been  affected  by  various  environmental 
exposures. 

3.3.2  Fatigue 

Interlaminar  Mode  I  (Tension),  RT  and  350°F/Dry 

The  overall  surface  morphology  exhibited  similar  features  as  the  fracture  surface  of  a  statically  loaded 
specimen  (Figure  3.3-1).  Rivermarks  and  hackles  were  observed  including  fatigue  striations.  However,  the 
striation  features,  w'hich  were  usually  located  in  fiber  pull  out  troughs,  were  very  difficult  to  identify  even  at 
very  high  magnifications  (Figure  3.3-2a).  These  striations  were  also  observed  in  resin  rich  regions,  which 
resembled  typical  "beach  marks"  in  fatigued  metals  (Figure  3.3-2b). 

However  the  350°F  specimen  fracture  surface  did  not  exhibit  the  typical  mode  I  (tension)  features.  The 
fracture  features  were  not  distinct  enough  to  determine  the  overall  crack  propagation  direction 

Interlaminar  Mode  II  (Shear),  RT  and  350®F/Dry 

The  morphology  of  both  the  RT  and  350°F  (Figures  3.3-4  through  3.3-8)  specimen  surfaces  exhibited 
characteristic  shear  features,  such  as  hackles  and  cusps,  in  addition  to  fatigue  striations  (Figures  3.3-6  &  3.3- 
8).  The  striations  were  spaced  very  close  together  compared  to  the  striations  on  the  350I-6/AS4  specimens.  On 
the  high-temperature  specimen,  the  striations  could  only  be  identified  above  5000X  (See  Figure  3.3-6). 
Because  of  this,  locating  the  striations  was  very  difficult  and  required  a  careful  examination  at  various  angles 
and  tilts  before  the  striations  could  be  identified  . 

3.3.3  Short-Term  Environmental  Exposure 

Interlaminar  Mode  I  (Tensile)  Surfaces 

The  effects  of  the  exposure  did  not  affect  the  fracture  morphology  to  any  noticeable  degree.  All  of  the 
characteristic  mode  I  surface  features  were  easily  identified  (Figure  3.3-9  through  3.3-15). 

Interlaminar  Mode  II  (Shear)  Surfaces 


77 


Of  all  of  the  environments  (Figures  3.3-16  through  3.3-22),  only  the  exposure  to  the  fire  retardant  (Figure 
3.3-16)  and  the  hydraulic  fluid  (Figure  3.3-19)  slightly  degraded  the  resin  microflow  features  observed  on  the 
mode  II  surface.  Even  though  these  features  were  degraded,  the  surface  was  readily  identified  as  a  result  of  a 
mode  II  fracture. 
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Figure  3.3- 1 .  SEM  Fractographs  of  a  PMR- 15/ ASA  Interlaminar  Mode  I  Tension  Fatigue  Fracture  Surface,  RT/Dry 


Figure  3.3-2.  Higb-Magnification  SEM  Fractographs  of  a  PMR-  15/AS4  Interlaminar  Mode  I  Tension  Fatigue  Fracture  Surface,  RT/Dry 


'e  3.3-4.  SEM  Fractographs  of  a  PMR-15/AS4  Interlaminar  Mode  I  (Tensile)  Fatigue  Fracture  Surface.  350 
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Figure  3.3-5.  Optical  Fractographs  of  PMR- 15/ ASA  Interlaminar  Mode  II  (Shear)  Fatigue,  Room  Temperature,  High  Stress 
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60  degree  tilt  (b)  400X  30  or  60  degree  tilt  (c)  2000X 

Figure  3.3-6.  SEM  Fractographs  of  a  PMR- 15/ ASA  Interlaminar  Mode  II  (Shear)  Fatigue  Fracture  Surface,  Room  Temperature 
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Figure  3.3-7.  Optical  Fractographs  of  PMR-15/AS4  Interlaminar  Mode  II  (Shear)  Fatigue,  350P  F,  High  Stress 
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■e  Surface,  350°F 
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60  degree  tilt  (b)  400X  60  degree  tilt  (c)  2000X 

Figure  3.3-1 1.  SEM  Fractographs  of  a  PMR-15/AS4  Interlaminar  Mode  I  Tension  Fracture  Surface  Exposed  to  MEK  for  24  hours 


legree  tilt  (b)  400X  60  degree  tilt  (c)  2000X 

3.3-12.  SEM  Fractographs  of  a  PMR-  15/AS4  Interlaminar  Mode  I  Tension  Fracture  Surface  Exposed  to  Flydraulic  Fluid  for  7  Days 

2357.01  L7220  D8  ai 


Fractographs  of  a  PMR-15/AS4  Interlaminar  Mode  I  Tension  Fracture  Surface  Exposed  to  Soap  Solution  for  24  hours 
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60  degree  tilt  (b)  400X  60  degree  tilt  (c)  2000X 

Figure  3.3-17.  SEM  Fractographs  of  a  PMR-  15/AS4  Interlaminar  Mode  II  Shear  Fracture  Surface  Exposed  to  Ultrasonic  Agitation  in  Distilled  Water  for 
24  hours 
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60  degree  tilt  (b)  400X  60  degree  tilt  (c) 

Figure  3.3-18.  SEM  Fractographs  of  a  PMR-15/AS4  Interlaminar  Mode  li  Shear  Fracture  Surface  Exposed  to  MEK  for  24  Hours 
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Fractographs  of  a  PMR-  15/AS4  Interlaminar  Mode  II  Shear  Fracture  Surface  Exposed  to  Soap  Solution  for  24  hours 
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60  degree  tilt  (b)  400X  60  degree  tilt  (c)  2000X 

Figure  3.3-22.  SEM  Fractographs  of  a  PMR-15/AS4  Interlaminar  Mode  ii  Shear  Fracture  Surface  Exposed  to  Fire  Retardant  Foam  for  7  Days 
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SECTION  3.4 

CARBON/THERMOPLASTIC 

AS4/APC-2 


3.4.1  Introduction 

This  section  contains  additional  data  for  the  AS4/APC-2  graphite/polyetheretherkctone  (Gr/PEEK) 
fractographic  database.  The  additional  tests  were  designed  to  allow  the  characterization  of  interhuninar 
fracture  surfaces,  which  were  tlie  result  of  fatigue  crack  growtli  and  surfaces  tliat  have  been  affected  by  viirsous 
environmental  exposures. 

3.4.2  Fatigue 

Interlaminar  Mode  II  (Shear),  RT  and  ZSO'^F/Dry 

As  shown  in  Figures  3.4-1  and  3.4-2,  the  Iracture  surtace  inoiphology  ot  the  RT  specimen  appeated 
typical  for  the  mode  11  (shear)  Gr/PEEK  fracture  surface.  However,  the  hackle  feature  on  this  surface  was 
considerable  smaller  tlian  the  statically  loaded  specimen  and  was  probably  unique  to  the  cyclic  loading. 

The  fracture  morphology  was  very  different  on  the  specimen  tested  at  25(rF  (Figures  3.4-3  and  3.4-4). 
The  resin  Wcis  pulled  out  in  "ribbons"  which  did  not  indicate  the  overall  crack  propagation  direction. 

Interlaminar  Mode  I  (Tension),  RT  and  25(PF/Dry 

The  RT  fracture  surface  (Figures  3.4-5  and  3.4-6)  exhibited  features  simihir  to  large  hackles  between 
the  fibers,  oriented  in  the  direction  ot  the  overall  crack  propagation  direction.  The  plastic  craze  was  also 
present  throughout  tlie  entire  surface  including  the  hirge  hackles. 

The  morphology  of  the  250'^F  fracture  surface  (Figures  3.4-7  and  3.4-8)  was  ditterent  trom  the  RT 
specimen.  It  consisted  of  tlie  "ribbons"  of  resin  that  appecir  to  have  been  pulled  out  fonn  the  surtace.  This  was 
observed  on  the  mode  11  (shear)  fatigue  fracture  surface.  These  "ribbons"  did  not  give  any  indication  to  the 
overall  crack  propagation  direction. 

3.4.3  Short-Term  Environmental  Exposure 

Interlaminar  Mode  I  and  II  Surfaces 

Examination  of  the  fracture  surface  revealed  the  characteristic  surface  features  for  botli  the  mode  I 
(tension)  (Figure  3.4-9)  and  mode  II  (shear)  (Figure  3.4-10),  respectively.  There  appeared  to  be  no  degradation 
in  the  surface  feature  due  to  the  exposures. 
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Figure  3.4-1.  Optical  Fractographs  of  PEEK/AS4  Interlaminar  Mode  II  (Shear)  Fatigue,  Room  Temperature,  ITigh  Stress 
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60  degree  tilt  (b)  400X  60  degree  tilt  (c) 

Figure  3.4-2.  SEM  Fractographs  of  a  PEEK/AS4  Interlaminar  Mode  II  (Shear)  Fatigue  Fracture  Surface,  Room  Temperature 


Figure  3.4-4.  SEM  Fractographs  of  a  APC-2/AS4  Interlaminar  Mode  II  (Shear)  Fatigue  Fracture  Surface.  250° 


Figure  3.4-6.  SEM  Fractographs  of  a  APC-2/AS4  Interlaminar  Mode  I  (Tensile)  Fatigue  Fracture  Surface,  RT 


Figure  3.4-8.  SEM  Fractographs  of  a  APC-2/AS4  Interlaminar  Mode  I  (Tensile)  Fatigue  Fracture  Surface,  250° 
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30  degree  tilt  (b)  400X  30  degree  tilt  (c)  2000X 

Figure  3.4-9.  SEM  Fractographs  of  a  PEEK/AS4  Interlaminar  Mode  I  Tension  Fracture  Surface  Exposed  to  MEK  for  24  Hours 
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60  degree  tilt  (b)  400X  60  degree  tilt  (c) 

Figure  3.4-10.  SEM  Fractographs  of  a  PEEK/AS4  Interlaminar  Mode  II  Shear  Fracture  Surface  Exposed  to  MEK  for  24  Hours 


SECTION  3.5 

CARBON/BISMALEIMIDE 

AS4/MR-544 


3.5.1  Introduction 

This  section  contains  additional  fractography  performed  on  AS4/MR-54-4  graph ite/bismaleimide 
(Gr/BMI)  test  coupons.  Initial  fractographic  analysis  has  been  previously  documented  on  this  system  and  is 
included  in  die  handbook.  Work  under  this  contract  included  bodi  interlaminar  and  translaminar  specimens. 
The  coupons  were  to  have  been  tested  at  both  RT  and  at  450^F.  However,  only  the  specimens  tested  at  RT 
were  documented  because  the  elevated-temperature-tested  specimens  buckled  and  did  not  produce  either  an 
interlaminar  or  a  translaminar  fracture  surface. 

3.5.2  Static  Loading 

Interlaminar  Mode  I  (Tensile),  RT/Dry 

Visual  observation  revealed  a  smooth,  glassy  surface  typical  of  an  interlaminar  mode  1  tension  fracture. 
However,  fragments  of  loose  fibers  were  apparent  on  die  fracture  surface.  These  libers  were  separated  from  the 
matrix  (possibly  due  to  weak  fiber/matrix  adhesion).  Under  the  optical  microscope,  fine  rivennarks  were 
observed,  indicating  the  overall  crack  propagation  direction  (Figure  3.5-1).  As  shown  in  Figure  3.5-2,  SEM 
examination  revealed  riverimmks  between  the  carbon  fibers.  These  rivennarks  indicated  the  crack  growth  is 
consistent  with  the  mechanically  induced  crack  direction. 

Interlaminar  Mode  II  (Shear),  RT/Dry 

Visual  observation  of  the  fracture  surface  revealed  a  Hat  but  milky  appeiirance  when  held  at  an  angle  to 
die  light.  The  milky  appearance  is  due  to  the  hackle  formation  created  by  shear  loading,  which  was  observed 
at  higher  magnification  under  the  optical  microscope  (Figure  3.5-3).  SEM  examination  revealed  hackles  of 
dilferent  sizes,  shapes,  and  tilt  angles  located  between  the  ciirbon  fibers  (Figure  3.5-4). 

Translaminar  Tension,  RT/Dry 

SEM  fractography  (Figure  3.5-5)  revealed  radial  patterns  on  the  fiber  ends,  indicating  a  resultant  crack 
direction  consistent  with  the  mechanically  induced  direction.  The  specimen  tested  at  450*^  F  did  not  fracture 
but  only  bent  during  the  testing  (Figure  3.5-6) 
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Figure  3.5-2.  SEM  Fractographs  of  an  AS4/BM!  Interlaminar  Mode  I  Tension  Specimen  Tested  at  RT/Dry 


Figure  3.5-3.  Opticel  Frectographs  of  BMI/AS4  Interlaminar  Mode  II  Shear  Specimen  Tested  at  RT/Dry 


Figure  3.5-5.  SEM  Fractographs  of  an  AS4/BMI  Translaminar  Tension  RT/Dry  Fracture 


SECTION  3,6 

FIBERGLASS/THERMOSET 
EC  9-756-K43/RUTAPOX  L-20/SL 


3.6.1  Introduction 

This  section  shows  the  results  of  tlie  fractography  on  L-20/SL  (FG/Rutapox)  test  coupons.  This 
composite  system  is  currently  used  by  Grob  Industries  to  manufacture  lightweight  aircraft.  Because  the 
primary  structures  on  these  aircraft  are  fabricated  using  fabric  material,  the  interlaminar  test  coupons  (DCB 
and  ENF)  also  consisted  of  fabric  made  by  using  a  wet  hand  lay-up  technique.  However,  to  evaluate  basic 
fractographic  surfaces,  additional  specimens  were  machined  from  panels  fabricated  using  fiber  rovings.  A 
general  comparison  of  Uie  two  fonns  reveal  similar  fracture  modes  but  the  fabric  did  not  appear  to  have  as 
good  of  fiber  wet  out  as  die  rovings. 

3.6.2  Static  Loading 

Interlaminar  Mode  I  (Tension),  Normal  and  High  Strain  Rate  RT/Dry 

Visual  examination  revealed  an  opaque  white  fracture  surface  and  an  easily  discernible  fiber  fabric 
weave.  As  shown  in  Figure  3.6-1  &  3.6-2,  SEM  examination  revealed  very  few  regions  containing  rivermarks, 
which  would  indicate  the  crack  growth  direction.  In  addition,  there  were  numerous  areas  of  matrix  material 
cracking  features  that  appear  to  be  similar  to  hackles,  which  are  usually  indicative  of  a  mode  II  shear  loading 
tlian  mode  1  tensile.  The  high  strain  rate  test  fracture  surfaces  Figure  3.6-3  &  3.6-4,  exhibited  a  smaller  region 
of  fracture  between  the  fabric  plies.  The  "high”  spots  of  the  fabric  weave  were  apparently  the  only  areas  that 
had  fractured. 

Interlaminar  Mode  II  (Shear),  RT/Dry  and  Hot/Wet 

The  fracture  surfaces  of  both  specimens  exhibited  similar  features  (Figure  3.6-4  &  3.6-5),  The  fabric 
tows  parallel  to  the  crack  propagation  orientation  contained  the  hackles  typical  of  a  shear  loading.  Whereas 
the  tows  perpendicular  to  the  crack  direction  exhibited  ribbons  of  resin  tearing  from  the  fibers.  The  torn  ends 
were  generally  bent  towards  the  crack  propagation  direction. 

The  fracture  surface  of  the  RT/Dry  specimen  was  composed  mainly  of  resin  which  indicates  that  the 
crack  propagated  through  the  interface  between  the  fabric  surface  (as  seen  in  the  Hot/Wet  fractographs)  and 
tlie  resin.  In  addition,  voids  were  also  present  at  the  fabric  tow  intersections 
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±45°  Tensile  Fracture  Specimen 

The  fabric  specimen  fracture  surfaces  (Figure  3.6-7)  were  more  consolidated  as  compared  to  die 
roving  specimen  surfaces.  There  were  fewer  fiber  pullout  regions  but  wetting  of  the  fibers  did  not  appear  to  be 
as  thorough.  Furthermore,  unlike  die  roving  specimen,  the  fabric  fiber  ends  exhibited  a  fracture  morphology 
indicative  of  a  compression  loading.  These  were  also  grouped  in  more  bundles  compared  to  the  roving 
specimen  fiber  ends. 

In  die  specimen  made  using  only  rovings  (Figure  3.6-8),  the  fracture  surface  exhibited  primarily  mode 
11  fracture  features  with  some  limited  regions  of  mode  I.  The  overall  appearance  was  very  fibrous  widi  a 
considerable  mnount  of  fiber  pullout. 

Open  Hole  Tension,  Fabric 

The  overall  fracture  surface  (Figure  3.6-9)  was  very  fibrous  and  jagged  with  numerous  regions  of  mode 
II  (shear).  No  river  patterns,  indicative  of  mode  I  (tension)  fractures,  appeared  in  the  intralaminar  fracture 
surfaces.  The  fracture  morphology  appeared  to  resemble  a  tearing  of  groups  of  fibers  from  the  tow  bundle  with 
resin  attaching  to  bodi  surfaces  of  separated  fiber  bundle.  In  addition,  die  fibers  did  not  appear  to  have 
complete  fiber  wet  out  by  the  resin. 

Open  Hole  Compression,  Rovings, 

This  fracture  plane  (Figure  3.6-10)  was  more  distorted  diaii  die  graphite  specimen  fracture  surface  but 
it  was  a  more  consistent  morphology  throughout  die  surface.  The  overall  surface  consisted  of  fiber  bundles 
which  had  fractured  together  in  one  layer,  generally  covering  the  entire  fracture  surface.  The  fiber  ends  and 
surrounding  resin  exhibited  the  classic  compression  loading  morphology. 

Translaminar  Mode  I  (Tensile),  4ptNT,  Rovings,  RT/Dry  and  HotAVet 

Large  amounts  of  fiber  pullout  were  present  diroughout  die  surfaces  of  bodi  specimens  (Figure  3.6-11 
&  3.6-12).  Fibers  dial  pulled  out  from  along  the  intralaminar  surfaces  (the  90°  direction  tows)  were  not  wetted 
very  thoroughly  and  the  resin  fracture  surfaces  on  this  fracture  surface  conuiined  only  a  few  fracture  features. 
Unlike  die  odier  roving  specimens,  there  didn’t  appear  to  be  diorough  fiber  wet  out  in  these  roving  specimens. 

3.6.3  Short-Term  Environmental  Exposure 

For  the  Rutapox  epoxy  resin  system,  only  four  specimens  were  examined  diat  were  of  die  most  severe 
environments;  JP4,  Acetone,  MEK,  and  Hydraulic  Fluid  (Figure  3.6-14  through  3.6-16).  Examination  of  the 
fracture  surfaces  revealed  no  degradation  of  die  fracture  features  regardless  of  the  exposure  conditions. 
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Figure  3.6-1.  Optical  Fractographs  of  a  Rutapox/FG  Fabric  Interlaminar  Mode  I  (Tensile)  Fracture  Surface,  RT 
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Fractographs  of  a  Rutapox/FG  Fabric  Interlaminar  Mode  I  (Tensile)  HigfhRate  Fracture  Surface,  RT 


Figure  3.6-4.  SEM  Fractographs  of  a  Rutapox/FG  Fabric  Interlaminar  Mode  I  (Tensile)  High-Rate  Fracture  Surface,  RT 


Figure  3.6-5.  SEM  Fractographs  of  a  Rutapox/FG  Fabric  Interlaminar  Mode  II  (Shear)  Fracture  Surface,  RT 
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Figure  3. 6-6.  SEM  Fractographs  of  a  Rutapox/FG  Fabric  Interlaminar  Mode  II  (Shear)  HotA/Vet  Fracture  Surface,  RT 


Figure  3.6-7.  SEM  Fractographs  of  a  Rutapox/FG  Fabric  ±  45°  Tensile  Fracture  Surface,  RT 


Figure  3.6-8.  SEM  Fractographs  of  a  Rutapox/FG  Rovings  ±  45°  Tensile  Fracture  Surface,  RT 
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Figure  3.6-11.  SEM  Fractographs  of  a  Rutapox/FG  Roving  4ptNT  Specimen  Fracture  Surface,  RT 


Mechanically  Induced 


Fractographs  of  a  Rutapox/FG  Fabric  Interlaminar  Mode  I  (Tensile)  Fracture  Surface  Exposed  to  Acetone  for  7  days 


Figure  3.6-15.  SEM  Fractographs  of  a  Rutapox/FG  Fabric  Interlaminar  Mode  I  (Tensile)  Fracture  Surface  Exposed  to  MEK  for  7  days 


SEM  Fractographs  of  a  Rutapox/FG  Fabric  Interlaminar  Mode  I  (Tensile)  Fracture  Surface  Exposed  to  Hydraulic  Fluid  for  7  days 


SECTION  3.7 
CARBON/THERMOSET 
HTA-513M2KiaiUTAPOX  L-20/SL 


3.7.1  Introduction 

This  section  presents  the  fractographic  examination  of  the  HTA>5131-12K/Rutapox  L-20/SL 
(Gr/Rutapox)  test  specimens.  This  system  is  also  used  on  lightweight  aircraft  manufactured  by  Grob 
Industries,  although  primarily  on  a  high-altitude  research  version.  Similar  to  the  fiberglass  system,  these 
aircraft  structures  are  fabricated  primarily  using  carbon  fiber  fabric.  Consequently,  most  of  the  test  specimens 
were  fabricated  using  fabric  for  the  interhuninar  (DCB  and  ENF)  fracture  specimens,  made  using  a  wet  hand 
lay-up  technique.  However,  to  evaluate  other  basic  fractographic  morphologies,  additional  specimens  were 
machined  from  panels  tliat  were  fabricated  using  fiber  rovings.  One  unique  feature  of  tlie  fabric  was  that  tliese 
carbon  fibers  were  slightly  oval  and  contained  numerous  longitudinal  ridges.  These  features  were  not  seen  in 
rl\c  Ciu  bon  fiber  rovings  nor  were  they  present  in  the  fiberglass  fibers  of  either  tlic  fabric  or  the  rovings 


3.7.2  Static  Loadinj» 

Interlaminar  Mode  1  (Tension),  Normal  and  High  Strain  Rate  RT/Dry 

The  fracture  surface  (Figure  3.7-1  &  3.7-2)  contained  numerous  resin-rich  regions  witli  voids 
ifistributed  throughout  the  surface.  These  voids  were  likely  the  result  of  panel  processing  rather  than  a  specific 
uiaiorial  attribute.  This  resulted  in  an  overall  shiny  appearance  when  examined  visually.  SEM  examination 
i  Figure  3.7-1)  revealed  numerous  rivermarks  in  the  resin-rich  regions  indicating  tJie  crack  grovvtii  direction. 

The  resin  between  the  fibers  perpendicuhir  to  the  fracture  direction  was  composed  of  hackles  with  no  specific 
discernible  fracture  direction. 

The  high  strain  rate  specimen  fracture  surfaces  (Figure  3.7-3  &  3.7-4)  were  simihir  to  tiie  normal  rate 
.specimens,  but  the  river  patterns  were  more  evident. 

Interlaminar  Mode  II  (Shear),  RT/Dry  and  Hot/W'et 

The  visual  appearance  was  generally  rough  similar  to  tlie  mode  I  surfaces  but  with  fewer  shiny  regions 
(Figure  3.7-5  &  3.7-6).  The  fracture  surfaces  were  similar  to  the  fiberglass  specimens  witli  the  exc 
eption  of  the  carbon  fiber  features  as  mentioned  above.  The  fabric  tows  parallel  to  the  crack  propagation 
orientation  contained  the  hackles  typical  of  a  shear  loading  and  the  tow's  perpendicular  to  the  crack  direction 
exhibited  the  ribbons  of  resin.  The  tom  ends  of  the  resin  were  generally  bent  towards  the  crack  propagation 
direction. 

The  fracture  surface  of  the  RT/dry  specimen  was  composed  mainly  of  resin  which  indicates  that  the 
crack  propagated  through  the  interface  between  the  fabric  surface  (as  seen  in  the  Hot/Wet  fractographs)  and 
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the  resin.  This  resin  fracture  surface  also  contained  Iran s laminar  cracks,  perpendicular  to  the  fibers,  which  are 
typical  of  shccir  cracked  resin  surfaces.  In  addition,  voids  were  also  present  at  the  fabric  tow  intersections. 

Translaminar  Mode  I  (Tensile),  4ptNT,  Rovings,  RT/Dry  &  Hot/Wet 

Both  fracture  surfaces  (Figures  3.7-7  &  3.7-8)  were  similar  and  botli  contained  slightly  oval  fibers  with 
longitudinal  striations.  There  was  little  correlation  between  the  fiber  end  fractures  and  the  macrocsopic 
fracture  direction.  In  addition,  even  there  was  fairly  good  wetting  of  the  fibers  by  the  resin,  it  was  ditlicult  to 
determine  die  fracture  direction  on  tlie  ply  surfaces  ptirallel  the  fracture  direction.  Few  fracture  morphology 
features  were  evident  on  the  tliese  surfaces. 

±  45®  Tensile  Fracture  Surface  Rovings  and  Fabric,  RT 

The  overall  appeartmee  of  the  fabric  surface  exhibited  botl)  mode  I  and  11  fractures  Icaturcs  (Figure 
3.7-9).  Tiic  orientation  of  tlie  hackles  did  not  give  an  obvious  indication  of  the  overall  crack  propagation 
direction. 

Open  Hole  Tension,  Fabric,  RT 

The  fiber  ends  did  not  clCfUrly  indicate  tlie  overall  crack  direction  from  exmnination  of  a  small  stunplc 
(Figure  3.7-10).  The  fibers  were  oval  and  contained  distinct  longitudiUfil  ridges.  Tracer  yams  in  Uie  labric 
were  cle<irly  visible  and  were  initially  confused  with  .some  type  of  fiber  pull-out  condition.  The  plies  pcirallel 
to  the  crack  direction  had  hackles  on  die  surfaces,  but  it  gencralh'  appcai'ed  diat  these  tow  regions  were  pulled 
aptu't  in  a  mode  1. 

Open  Hole  Compression 

Two  distinct  regions  were  present  on  the  fracture  surfaces  (Figure  3.7-11).  The  region  adjacent  to  die 
hole  contained  a  great  deal  of  rubble  covered  with  small  sections  of  fractured  libers.  The  regions  furdier  away 
from  the  hole  exhibited  die  classic  compression  fracture  morphology  widi  die  distinct  centerline  through  die 
fibers.  In  addition,  some  of  the  fibers  were  actually  split  along  their  centerline  to  tui  unknown  depdi. 


138 


139 


Figure  3.7-1.  Optical  Fractographs  of  a  Rutapox/Graphite  Fabric  Interlaminar  Mode  I  (Tensile)  Fracture  Surface,  RT 


Figure  3.7-2.  SEM  Fractographs  of  a  Rutapox/Graphite  Fabric  Interlaminar  Mode  I  (Tensile)  Fracture  Surface,  RT 
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Figure  3. 


'EM  Fractographs  of  a  RutapoxJGraphiie  Fabric  Interlaminar  Mode  I  (Tensile)  HigInRate  Fracture  Surface,  RT 


Figure  3.7-5.  SEM  Fractographs  of  a  Rutapox/Graphite  Fabric  Interlaminar  Mode  II  (Shear)  Fracture  Surface,  RT 


Figure  3.7-6.  SEM  Fractographs  of  a  Rutapox/Graphite  Fabric  Interlaminar  Mode  II  (Shear)  HotA/Vet  Fracture  Surface,  RT 


Figure  3.7-7.  SEM  Fractographs  of  a  Rutapox/Graphite  Roving  4ptNT  Fracture  Surface,  HotAA/et 


Figure  3.7-9.  SEM  Fractographs  of  a  Rutapox/Graphite  Fabric  ±  45°  Tensile  Fracture  Surface,  RT 


SECTION  3.8 

HONEYCOMB  STRUCTURES 
3501-6  FACE  SHEETS/NOMEX  HONEYCOMB 


3.8.1  Introduction 

This  section  presents  the  fractographic  characterization  of  failed  3501-6/Nomex  honeycomb  sandwich 
components.  The  tests  performed  consisted  of  single  cantilevered  beam  and  three-point  bending  shear  test 
coupons.  For  each  type  of  test  condition,  a  fractographic  analysis  technique  was  developed  that  described  the 
various  fracture  modes  and  how  to  determine  the  failure  mode  and  possibly  the  cracking  direction  or  directions. 
In  addition  to  providing  baseline  data  for  the  failure  analysis  development,  processing  variables  and 
environmental  conditions  were  also  investigated. 

3.8.2  Single  Cantilevered  Beam 
Determining  Failure  Propagation  Direction 

Failure  propagation  in  honeycomb  material  is  best  determined  by  examination  of  the  fiber  pullout  anci 
by  the  direction  in  which  the  fiber  is  bent.  As  the  honeycomb  fails,  the  fiber  and  resin  fail  separately.  The 
fiber  is  often  freed  from  the  resin  by  the  failure  and  is  drawn  plastically  in  the  direction  oi  the  displacemeiu 
due  to  the  propagation  of  the  failure.  For  tensile  failure  this  displacement  is  nearly  normal  to  the  direction  of 
propagation,  with  a  slight  bias  in  the  direction  of  propagation.  The  bias  can  result  in  plastic  detormation  ol  tne 
side  of  the  fiber  away  from  the  propagation  direction  or  breakage  of  the  fiber  with  the  propagation  direct  ion  oi 
the  crack  in  the  fiber  the  same  as  that  in  the  honeycomb.  The  result  of  these  effects  is  that  the  propagation 
direction  is  indicated  by  the  lay  of  the  loose  ends  of  fibers  along  the  failed  surface  (see  Figure  3.8-1). 
Studying  the  crack  propagation  directions  in  the  resin  meniscus  where  the  honeycomb  ribbons  join  is  a  n.oic 
difficult  method  of  determining  the  failure  propagation  direction. 

The  locations  where  the  ribbons  join  have  a  double  ribbon  thickness  and  additional  resin  to  strengtheii 
that  location  (see  Figure  3.8-2).  The  resin  meniscus  is  a  trilobate  structure,  with  its  weakest  points  at  the 
terminations  of  these  lobes  or  arms,  which  are  directed  120  degrees  from  one  another.  In  all  the  test 
specimens,  the  loading  occurred  such  that  propagation  direction  for  the  failure  would  be  parallel  to  the  ribbon 
direction.  The  failure  could  propagate  only  along  one  of  three  paths.  Two  of  these  paths  were  along  single 
plies  of  ribbon  oriented  at  60  degrees  from  the  line  of  the  ribbon  junctures.  The  other  direction  was  that  oi  the 
ribbon  juncture  (see  Figure  3.8-3).  Whenever  one  of  these  juncture  areas  failed,  both  menisci  were  involved. 
If  the  failure  was  the  result  of  a  traveling  failure  front,  then  one  of  the  menisci  broke  from  the  juncture  outward 
(the  trailing  meniscus)  and  one  broke  from  one  of  the  arms  along  the  single-ply  edge  of  the  cell  (see  Figure 
3.8-4).  This  meniscus  set  thereby  indicates  the  propagation  direction  for  that  joint.  The  propagation  direction 
for  any  one  meniscus  set  may  not  be  consistent  with  the  overall  direction  of  failure.  The  failure  propagation 


front  is  not  always  a  straight  line  (see  Figure  3.8-5),  which  can  result  in  local  areas  where  the  failure  front  may 
temporarily  loop  back  on  itself  before  jumping  back  to  the  main  front.  This  would  generate  a  meniscus  pair 
with  a  failure  propagation  direction  that  was  the  reverse  of  the  general  propagation  direction  tor  the  panel. 
OtJier  possibilities,  include  patterns  that  would  indicate  a  direction  of  propagation  at  right  angles  to  the  ribbon 
direction  (Figure  3.8-6)  or  vertical,  with  both  menisci  breaking  in  toward  the  center  (Figure  3.8-7).  As  a  result, 
die  propagation  direction  on  the  scale  of  an  individual  honeycomb  cell  based  on  the  meniscus  resin  failures 
would  not  reliably  indicate  the  overall  direction  of  the  failure.  Multiple  sets  of  menisci  would  have  to  be 
examined  to  be  confident  in  the  overall  direction  of  failure. 

F'ractography  of  the  Specimens 

Visual  observations  were  documented  before  more  detailed  analysis.  These  observations  included  the 
ncneral  appciuance  of  the  adhesive  layer,  indications  of  any  adhesive  failure,  amount  of  failure  in  a  plane,  and 
fiber  burst  in  the  honeycomb  failure.  Figure  3.8-8  shows  some  ol  the  visual  observations  on  the  mode  1 
honeycomb  siindwich  specimens.  The  failure  surfaces  were  then  examined  microscopically  to  document  the 
fractography  ol  the  resin  surfaces  and  the  crack  propagation  directions. 


Control  Specimen.  No  adhesive  or  cohesive  failures  were  seen  in  these  specimen  types.  As  shown  in  Figure 
3.8-9,  100%  core  failure  was  observed. 

Aged  Adhesive  Specimen.  The  honeycomb  cells  appeared  to  be  more  distorted  in  these  specimens  than  in 
the  others.  It  hits  not  been  determined  if  this  is  the  result  of  processing  or  testing.  The  amount  of  hurst  fibers 
was  less  than  Uiat  seen  in  the  control  specimen.  As  shown  in  Figure  3.8-10,  the  failure  was  in  the  honeycomb. 

Eight-Pound  Core  Specimen.  The  failure  occurred  primarily  in  the  adhesive  layer.  Both  adhesive  and 
cohesive  failure  was  evident.  The  adhesive  failure,  between  the  adhesive  and  the  face  sheet,  occurred  near 
the  center  of  the  specimen.  Approximately  25%  of  the  core  failure  was  observed  in  these  specimens.  Optical 
fractographs  taken  at  200X  showed  a  lower  velocity  fracture  characteristic  as  evidenced  by  the  mirror  and  mist 
fracture  features  shown  in  Figure  3.8-11. 

Undercured  Adhesive  Specimen.  There  was  more  burst  fiber  on  the  failure  surface  in  this  sample  than  in 
most  of  tlie  others,  except  the  control  specimens,  (Figure  3.8-12). 

Undercured  Face  Sheet  Specimen.  The  honeycomb  material  embossed  the  face  sheet,  and  there  was  more 
evidence  of  out  gassing  in  the  form  of  many  bubbles  in  the  adhesive  layer,  as  shown  in  Figure  3.8-13. 
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3.8.3  Three-Point  Bending  Shear  Test 

Samples  were  photographed  as  received,  and  surface  failure  pattern  was  documented  graphically  (see 
Figure  3.8-14).  The  pattern  of  the  visible  distortion  on  each  of  the  sides  related  to  the  failure  is  schematically 
represented.  The  illustration  of  the  labeled  side  of  the  panel  is  in  the  same  orientation  as  the  photograph  of  the 
panel.  The  edge  illustrated  just  below  the  labeled  side  illustration  is  of  the  right  edge  with  the  labeled  side  of 
the  panel  on  the  top.  The  left  end  of  the  right-edge  view  is  the  lower  section  of  the  view,  while  the  right  side 
is  higher  along  the  edge.  The  illustration  of  the  unlabeled  side  is  drawn  as  though  viewed  from  the  labeled 
side  to  indicate  the  relative  pattern  of  the  failure  on  the  two  sides.  The  associated  photograph  is  a  mirror 
image  of  the  illustration  in  this  case.  The  left  edge  is  illustrated  below  the  illustration  of  the  unlabeled  side. 
The  left  end  of  the  left-edge  view  is  the  higher  section  of  the  view,  while  the  right  side  is  lower  along  the 
edge. 

The  crack  pattern  in  the  honeycomb  is  illustrated  in  the  edge  view  drawings.  The  alternating  light  and 
dark  vertical  bands  signify  individual  cell  walls  of  the  honeycomb;  walls  normal  to  the  edge  are  now  shown. 
The  lines  indicate  visible  cracks  in  the  honeycomb  walls,  and  the  thickened  surface  sheets  indicate 
delamination  of  the  carbon  fiber/resin  composite,  cohesive  failure  of  the  adhesive,  adhesive  failure  of  the 
adhesive,  or  honeycomb  fracture  at  the  adhesive  meniscus.  The  type  of  failure  at  that  surface  is  identified  in 
Figure  3.8-15.  Figures  3.8-16  through  3.8-30  show  the  specimens  and  the  crack  diagrams. 

The  extent  of  damage  to  the  honeycomb  within  the  panel  was  evaluated  with  a  water  intrusion 
technique.  The  approach  was  to  place  the  panel  in  a  beaker  of  water  and  weigh  it  down  so  that  the  crack  area 
was  submerged.  This  was  then  placed  in  a  vacuum  bell  jar,  and  a  vacuum  was  created.  The  vacuum  was  held 
until  the  escape  of  gas  bubbles  from  the  panel  ceased.  The  bell  jar  was  then  repressurized  and  the  panel  was 
reweighed.  After  weighing,  the  process  was  repeated  to  ensure  complete  filling  of  the  damaged  area.  More 
gas  bubbles  were  generally  released,  suggesting  this  procedure  may  be  causing  the  cracks  to  continue  to 
propagate.  This  approach  is  still  being  evaluated.  A  related  approach  is  the  use  of  silicone  rubber  intrusion 
methods  to  create  a  rubber  cast  of  the  failure  site. 
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Figure  3.8-1.  Fibers  Torn  and  Bent  in  the  Direction  of  the  Propagation  of  the  Failure 


A  Miniscus  Set 


Fiaure  3  8-2  Orientation  of  the  Continuous  Ribbons  in  the  Honeycomb  Denoting  the  Ribbon 

Direction  and  the  Associated  Meniscus  Set 


Open  Area  of  Cell 


Resin  at  Ribbon  Juncture 


Figure  3.8-3.  Trilobate  Resin  Structure  at  the  Ribbon  Juncture  Forming  a  Pair  of  Menisci  or  a  Meniscus  Set 


Figure  3.8-4.  Failure  Patterns  in  the  Resin  Menisci  Indicating  the  Propagation  Directions 


The  illustration  on  the  left  shows  "Wallner"  lines  indicating  the  failure  initiated  at  the  apex  of  the  upper 
arm  of  the  meniscus.  It  then  propagated  across  the  joint  and  caused  a  conchoidal  fracture  in  the  trailing 
meniscus.  The  illustration  on  the  right  shows  the  same  type  of  event  but  with  a  Wallner  line  failure  pattern 
at  the  trailing  meniscus. 


Locations  of  Reverse  Direction  Failures 


Figure  3.8-5.  The  Failure  Front  Doesn’t  Travel  as  a  Straight  Line  and  May,  for  Short  Distances,  Change  Direction 


Figure  3.8-6.  The  Wallner  Line  Pattern  for  a  Failure  Propagating  Normal  to  the  Ribbon  Direction 


Figure  3.8-7.  The  Wallner  Line  Pattern  for  a  Failure  Propagating  Inward  From  Both  Sides  Indicating  a  Vertical 
or  Twisting  Failure 
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Sample  1A-1  200X 


Figure  3. 8-9.  Of^ical  Fracto^aphs  of  Mode  I  Sandwich,  Control  Specimen 

Sheet  2  of  2 
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Sample  2B 


Figure  3. 8-10.  Optical  Fractographs  of  Mode  I  Sandwich,  Aged  Adhesive  Specimen 
Sheet  1  of  2 


See  200X 
magnification 
on  next  page 


200X 


Sample  2B-2 

Figure  3. 8- 1 0.  Optical  Fractograf^s  of  Mode  I  Sandwich,  Aged 
Adhesive  Specimen  (Sheet  2  of  2) 
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See  100X 
magnification 
on  next  page 
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Sample  3B  see  magnification  below 


Sample  3A-2 

Figure  3.8-11.  Ofriical  Fractographs  of  Mode  I  Sandwich,  Stronger  Core  Used  (8-lb)  Specinnen 
Sheet  1  of  2 


See  200X 
magnification 
on  next  page 


Sample  4B 


Figure  3. 8-12.  Optical  Fractographs  of  Mode  I  Sandwich  Specimen,  Undercured  Adhesive 
Sheet  1  of  2 


200X 


Sample  4B-2 

Figure  3. 8-12.  Optical  Fractographs  of  Mode  I  Sandwich  Specimen,  Undercured  Adhesive 
Sheet  2  of  2 
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Labeled  side 


Figure  3.8-14.  Ilustration  of  the  Position  of  the  Two  Photographs  and  Four  Drawings  of  Each  Sample 
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SAMPLE  TREATMENT 
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Figure  3.8- 1 5.  Linear  Distribution  of  the  Three  Crack  Modes  Near  the  Honeycomb/Adhesive/Carbon  Fiber  Composite 
Interface  and  the  Amount  of  Cracking  Through  the  Honeycomb 


The  failure  visible  at  the  edge  of  the  sample  is  reported  in  terms  of  the  linear  percent  of  the  length  for 
each  crack  mode.  The  Carbon! Resin  category  indicates  delamination  in  the  face  sheet  composite.  The 
subcolumns  indicate  the  left  and  right  sides  respectively  as  indicated  on  the  schematic  sheet  for  that  sample. 
The  Adhesive  category  indicates  cohesive  failure  in  the  adhesive  layer  itself.  The  Meniscus  category 
indicates  that  the  honeycomb  failed  at  the  point  of  the  adhesive  meniscus.  The  final  category,  Honeycomb, 
indicates  the  percentage  of  failure  in  the  honeycomb  material  away  from  the  face  sheets. 
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Figure  3. 8- 1 6.  Control  Sample  1—2. 4X  Reduction 


Figure  3.8-28.  Undercured  Face  Sheet  Sample  9A 1 — 2.4X  Reduction 
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SECTION  4 

TASK  6:  VERIFICATION  OF  THE  COMPOSITE  FAILURE  ANALYSIS  SYSTEM 


4.1  Objective 

The  objective  of  this  task  v^as  to  determine  the  capabilities  and  effectiveness  of  the  composite  failure 
analysis  handbook  by  demonstrating  the  use  of  the  handbook  on  actual  components. 

4.2  Approach 

Two  simple  components  were  fabricated,  tested,  and  submitted  by  the  Air  Force  to  Boeing  for  failure 
analysis.  To  make  this  analysis  more  realistic,  various  aspects  regarding  the  background  of  the  fabrication  and 
testing  of  these  components  were  withheld  from  the  investigator.  The  failure  analyses  would  then  be  compared 
with  the  known  causes  of  failure,  resulting  in  a  more  effective  evaluation  of  the  procedures  and  techniques  in 
the  handbook 

4.3  Reports 

The  failure  analysis  performed  on  a  simple  angle  component  is  in  Appendix  A,  a  metal  core 
honeycomb  sandwich  analysis  in  Appendix  B  and  a  fracture  analysis  of  a  GROB  wing  section  in  Appendix  C. 
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THE  BOEING  COMPANY 
ABSTRACT 


As  a  requirement  for  the  Composite  Failure  Analysis  Handbook  contract,  a  smaU-scale  component  was 
fabricated,  mechanically  tested,  and  submitted  to  Boeing  for  failure  analysis.  The  purpose  of  this 
analysis  was  to  demonstrate  and  evaluate  the  procedures  to  be  included  in  the  handbook,  including  the 
Fracture  Analysis  Logic  Network  (FALN).  As  part  of  the  evaluation,  infonnation  was  withheld  from 
the  investigator  regarding  the  loading  parameters  and  fabrication  specifications.  By  comparing  the 
analysis  with  the  actual  event,  improvements  can  be  made  to  the  procedures  and  techniques  which  will 
provide  more  accurate  analyses  in  the  future. 

The  analysis  followed  the  simplified  FALN  since  the  component  was  not  cOTsidercd  a  complex  part 
which  did  not  require  an  extensive  investigation.  Visual  and  optical  examination  revealed  multiple 
delaminations  as  the  primary  damage  incurred  by  testing.  Chemical  characterization  indicated  that 
some  sections  of  the  part  may  have  been  undercured  during  fabrication.  High  magmfication  optical  and 
scanning  electron  microscopic  examination  of  the  fracture  surfaces  revealed  the  presence  of  two  fracture 
modes  emanating  from  the  angle  region  and  propagating  toward  the  flange  edges.  A  possible  scenario 
describing  the  test  conditions  was  developed  to  explain  the  cause  of  the  damage  and  the  multiple 
propagation  fracture  sequence. 
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THE  BOEING  COMPANY 


1.  INTRODUCTION 

This  report  summarizes  the  failure  analysis  of  the  angle  component  provided  by  the  Air  Force.  This  work 
was  conducted  under  task  6  of  the  add-on  contract  to  F33615-86-5071,  Composite  Failure  Analysis 
Handbook.  The  add-on  expands  tasks  3, 6,  and  7.  Tasks  1, 2, 4,  and  5  were  completed  under  the  original 
contract. 


The  overall  program  objective  is  to  create  a  failure  analysis  handbook  containing  the  procedures,  tech¬ 
niques,  and  data  necessary  to  conduct  failure  analysis  of  fiber-reinforced  composite  structures.  In  addi¬ 
tion,  the  handbook  will  describe  a  limited  number  of  documented  case  histories  conducted  on  small-scale 
components.  Contract  F3361 5-86-5071  is  an  expansion  of  WRDC  Contract  F33615-84-C-5010 
Postfailure  Analysis  Compendium  for  Composite  Structures.  The  present  contract  consists  of  the  follow¬ 
ing  tasks: 


a. 

b. 

c. 

d. 

e. 
f 

two 


Task  1 :  Development  of  Handling  and  Data  Gathering  Techniques  for  Field  Representatives 

Task  2:  Expansion  of  Fractographic  Techniques  in  Composite  Failure  Analysis 

Task  3:  Expansion  of  the  Fractographic  Database 

Task  4:  Development  of  Data  Formats 

Task  5 :  Documentation  of  Materials  Properties 

Task  6:  Verification  of  the  Composite  Failure  Analysis  System  (by  performing  a  demonstration  of 
structural  demonstration  items) 


g- 

h. 


i. 


Task  7: 

Documentation 

Task  8: 

Administrative  Management 

Task  9: 

Meetings 

The  technical  direction  for  the  contract  is  provided  by  Patricia  L.  Stumpff,  Wright  Research  and  Develop¬ 
ment  Center,  Wright-Patterson  Air  Force  Base  (WPAFB),  Ohio.  Donald  F.  Sekits  is  the  Boeing  program 
manager  and  Gregory  M.  Walker  is  the  principal  investigator. 

Other  contributors  for  this  report  include:  G.  Georgeson  and  J.  Linn,  Nondestructive  Inspection;  J.  Chen, 
Chemical  and  Thermal  Analysis;  G.  Tuss,  Surface  Analysis;  D.  Banning,  Scanning  Electron  Microscopy. 
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2.  TECHNICAL 

2.1  Background  and  History 

The  submitted  composite  part  was  one  of  two  small-scale  components  that  were  to  be  analyzed  by 
Boeing.  The  analysis  is  to  demonstrate  the  concepts  and  procedures  which  are  to  be  included  in  the 
Composite  Failure  Analysis  Handbook,  such  as  the  Fracture  Analysis  Logic  Network  (fig.  1). 

To  evaluate  the  effectiveness  of  the  procedures,  various  details  regarding  the  history  and  background  of 
the  component  were  withheld  from  the  investigator  such  as;  intentional  defects,  information  regarding  the 
original  dimensions  and  drawing  specifications,  and  process  specifications.  Testing  parameters  and  the 
loading  configuration  were  also  unknown  to  the  investigator  such  as;  the  failure  criteria,  the  loading 
direction  and  component  orientation,  and  the  loading  spectrum.  After  comparing  the  analysis  to  the 
actual  event,  improvements  to  the  procedures  and  techniques  can  be  made  to  provide  more  accurate 
analyses  in  the  future. 

2.2  Nondestructive  Evaluation 

Various  techniques  were  used  for  the  nondestructive  evaluation  of  the  component  including:  visual  and 
low  magnification  inspection.  X-ray  computed  tomography,  pulse  echo,  and  through-transmission  ultra¬ 
sound.  Each  technique  provides  different  types  of  information;  however,  for  this  investigation,  the  visual 
inspection  and  the  pulse  echo  examination  provided  the  most  data. 

a.  Visual  Examination 

The  submitted  component  (shown  in  fig.  2)  was  approximately  14  inches  long  with  5-inch  wide  flanges. 
The  thickness  was  approximately  0.17  to  0.20  inch.  The  angle  between  the  two  flanges  was  approxi¬ 
mately  95  to  100  degrees.  The  overall  color  and  appearance  was  indicative  of  a  carbon  fiber-reinforced 
plastic  system. 

A  “padup”  strip  was  placed  along  the  inner  and  outer  radius  of  the  knee  region.  The  depressed  regions, 
containing  the  fastener  holes  and  probably  used  for  grips,  appeared  to  be  thinner  due  to  the  absence  of 
plies.  However,  closer  examination  revealed  that  it  was  actually  the  result  of  the  same  number  of  plies 
being  compressed  closer  together. 

Internal  delaminations,  observe  from  both  ends  of  the  part,  extended  from  the  “knee”  or  angle  region  to 
the  edges  of  the  flanges  (fig.  3).  A  3-inch  long  delamination  was  located  along  the  center  plies.  This 
delamination  extended  from  an  inserted  ply  placed  within  the  center  of  the  fiber  plies  at  the  knee  region. 

Surface  fibers  within  the  inner  radius  of  the  “knee”  were  cracked  (fig.  4).  Deformations,  such  as  rippling 
and  buckling,  were  also  present  along  the  entire  length  of  the  inner  radius  of  the  knee.  Small  indentations 
and  elongated  depressions  or  “tracks”  were  present  along  the  inner  knee  surface  (fig.  5).  The  surface  of 
the  depressions  was  shiny  indicating  that  the  depressions  probably  occurred  during  the  fabrication  pro¬ 
cess.  Some  of  the  “tracks”  contained  cracks  which  went  through  the  surface  ply.  There  were  no  surface 
defects  or  anomalies  on  the  outside  surface  of  the  component.  Strain  gages  were  located  on  both  sides  of 
one  of  the  flanges. 
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Figure  1.  Diagram  Showing  the  Simplified  Fracture  Analysis  Logic  Network 
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(a)  Overall  Vlewr  of  the  Edge 


(b)  Close-Up  View  of  the  Delaminated  Regions 

Figure  3.  Photographs  of  the  Edge  of  the  Component  Showing  the  Extent  of  Delamination 
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(a)  Middle  Region 


Surface 

cracking 


Figure  4.  Micrographs  Showing  Regions  of  Surface  Fibers  Delamination  and  Cracking 
Along  the  Middle  and  Edges  of  the  Inner  Radius 
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W.i.. 

5.5x 


Figure  5.  Micrograph  of  the  Indentations  and  “Tracks”  Along  the  Inner  Radius 
b.  X-Ray  Computed  Tomography  (CT) 

Computed  tomography  was  performed  on  the  angle  component  to  determine  the  extent  of  internal  crack¬ 
ing  and  delamination.  The  results  of  the  CT  scan  are  shown  in  figure  6.  The  “L”  geometry  is  not  well 
suited  for  CT  examination/evaluation.  Artifacts,  such  as  the  dark  horizontal  streak  in  the  CT  image,  were 
caused  by  the  “L”  geometry.  Even  with  these  artifacts,  some  delaminated  regions  were  identified  which 
were  located  along  the  length  of  the  part  and  concentrated  at  the  knee  region. 


c.  Pulse  Echo 

Examination  using  a  handheld  pulse-echo  unit  (C-scan)  with  a  .25-inch  transducer  identified  delamina¬ 
tions  throughout  the  component  (see  fig.  7)  except  at  certain  locations  along  the  region  containing  the 
fastener  holes. 

d.  Through-Transmission  Ultrasound  (TTU) 

An  attempt  was  made  to  further  characterize  the  extent  of  delaminations  using  TTU  (C-scan).  However, 
since  the  part  was  exposed  to  water  jets  to  perform  the  TTU  analysis,  large  amounts  of  water  entered  the 
part  through  the  edges  and  caused  incorrect  indications  of  delaminations  and  damage  (fig.  8).  These  were 
grossly  inconsistent  with  the  pulse-echo  analysis. 

The  part  was  subsequently  dried  in  an  oven  at  90°F  for  30  minutes  before  another  set  of  scans  was 
performed.  This  time  the  edges  were  sealed,  the  surface  of  the  part  was  sprayed  with  a  lacquer,  and  the 
fastener  holes  were  plugged  (fig  9).  The  part  was  then  rescanned  which  reveled  that  it  was  almost  com¬ 
pletely  delaminated  (fig.  10).  The  grip  areas  were  not  delaminated  as  observed  in  the  pulse-echo  analysis. 
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Imaging  artifacts 


Delaminations 


acts  and  Some  of  the  Actual  Delaminations 


1  K 


Intact 
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region 


FiQure  7.  Photograph  Showing  the  Regions  of  Intact  Laminates  Identified  Using  Pulse  Echo 
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Regions  containing  water  exhibiting  incorrect  readings 


F/gure  8.  TTU  Scan  Before  Sealing.  Water  Has  Penetrated  the  Laminates 
From  the  Edges  Causing  Incorrect  Readings 
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Sealant 
along 
the  edges 


Figure  9.  Photograph  of  the  Part  After  the  Edges  and  Fastener  Holes  Were  Sealed 
Before  the  Second  Series  of  TTU  Scans 

2.3  Material  Characterization 

a.  Material  Identification 

Tlie  resin  material  was  examined  using  infrared  spectroscopy  analysis  (IR).  This  identified  the  material 
as  similar  to  the  Hercules  3501-6  epoxy  resin  system  (figs.  1 1  and  12).  This  material  has  a  curing  tem¬ 
perature  of  350°F.  IR  also  identified  the  peel  ply  material  to  be  a  Tefion/Fiberglass  film. 

The  fibers  within  epoxy  resin  system  were  identified  to  be  carbon  using  a  surface  analyzer. 

b.  Glass  Transition  Temperature  (Tg)  and  Extent  of  Cure 

Both  differential  scanning  calorimetry  (DSC)  and  thermomechanical  analysis  (TMA)  were  used  to 
determine  the  glass  transition  temperature  of  the  composite.  Specimens  analyzed  using  TMA  revealed 
peaks  at  343°F  and  at  357°F  which  indicates  that  the  part  may  have  been  undercured  in  some  locations. 

In  addition,  during  cutting  of  a  section  to  obtain  specimens  for  TMA,  the  section  split  into  two  halves. 
The  Tg  was  consistently  at  156°C  for  some  halves  and  at  185°C  for  others.  This  indicates  that  some 
regions  of  the  component  might  have  been  undercured.  DSC  analysis  did  not  detect  any  appreciable  heat 
of  curing  which  indicates  the  part  was  fully  cured.  However,  because  of  the  low  resin  content  of  the 
composite,  the  residual  heat  of  curing  may  not  have  been  detectable. 

c.  Resin  Content 

The  resin  content  was  determined  to  be  26.79%  by  weight  using  the  acid  digestion  method. 
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d.  Density 

The  density  was  determined  to  be  1.596  g/cc  using  the  displacement  method. 

e.  Microscopic  Examination 

Cross  sections  of  the  component  were  examined  at  lOOX.  No  anomalies  or  features,  such  as  voids,  that 
could  contribute  to  fracture  were  found.  The  stacking  sequence  was:  [+45, 0, 90,  -45]4  *Peel  Ply*  [-45, 
90, 0,  -f45]4,  for  a  total  ply  thickness  of  32  (plus  the  peel  ply).  The  peel  ply  extended  approximately  1 
inch  from  the  knee  into  both  flanges.  The  plies  also  appeared  to  be  properly  aligned  in  their  respective 
orientations. 


2.4  Fractography 

a.  Optical  Examination 

The  component  was  sectioned  and  peeled  apart  to  expose  the  delaminated  fracture  surfaces.  High  magni¬ 
fication  (lOOX  to  400X)  optical  examination  of  the  crack  surfaces  revealed  the  presence  of  two  different 
fracture  modes;  mode  1  which  is  caused  by  a  tensile  loading  and  mode  II  which  is  caused  by  shearing. 

The  most  prevalent  fracture  mode  observed  was  the  mode  II  shearing  mechanism.  The  results  of 
translaminar  crack  mapping  indicate  that  the  delaminations  initiated  at  the  edge  of  the  peel  ply  and 
propagated  towards  the  flange  edges. 

Some  fracture  surfaces  exhibited  a  change  in  fracture  modes  from  shearing  to  a  tensile  mechanism  then 
back  to  the  shearing  mode.  As  seen  in  figure  13,  the  crack  initiated  at  the  edge  of  the  peel  ply  and 
propagated  along  the  flanges  to  their  edge  while  changing  its  crack  propagation  mode. 

b.  Scanning  Electron  Microscopy  (SEM)  Examination 

Examination  using  the  SEM  confirmed  that  the  fracture  modes  identified  visually  were  correct.  SEM 
micrographs  of  the  surfaces  in  the  different  regions  in  figure  13  are  shown  in  figures  14  through  16. 
Comparison  of  the  micrographs  with  a  fractographic  database  reveals  that  the  component  was  most  likely 
tested  at  room  temperature  in  a  dry  air  environment. 

2.5  Stress  Analysis 

Given  the  fact  that  the  actual  test  parameters  and  fixtures  were  unknown,  the  following  is  a  proposed 
loading  configuration  based  on  the  information  that  had  been  collected.  This  assumes  that  the  component 
was  originally  fabricated  with  a  90-degree  angle  and  that  the  testing  resulted  in  a  permanent  deformation. 

Initially,  the  component  was  gripped  at  the  edges  of  the  flanges  using  the  fastener  holes.  As  loading 
began,  one  edge  was  pulled  away  from  the  other  edge  which  induced  an  initial  shear  loading  condition 
inside  the  component  at  the  edge  of  the  peel  ply.  The  presence  of  the  peel  ply  in  the  center  (where  the 
maximum  shear  stress  occurred)  provided  a  high  stress  concentration  region  which  allowed  the  cracks  to 
initiate.  As  the  edges  were  pulled  further  apart,  the  cracks  continued  to  propagate  by  shear. 
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Note:  Four  regions  are  identified,  exhibiting  two  different  fracture  modes: 

•  Region  1 :  Mode  II  (shear) 

•  Region  2:  Mode  I  (tension) 

•  Region  3:  Mode  II  (shear)  0-degree  fibers 

•  Region  4:  Mode  II  (shear)  45-degree  fibers 

The  arrows  show  the  crack  growth  directions  or  orientations  at  those  locatbns 

determined  using  high  magnification  optical  examination. 

Figure  13.  SEM  Micrograph  Showing  a  Section  of  the  Delaminated  Surface 
Which  Initiated  at  the  Peel  Ply 

For  the  one  flange,  the  crack  propagated  entirely  by  shear.  However,  the  cracking  on  the  other  flange 
changed  modes  because  the  stress  orientation  had  altered  significantly  enough,  due  to  the  component’s 
deformation,  to  continue  the  shearing  mechanism.  As  a  result,  localized  buckling  occurred  which  caused 
a  change  in  the  propagation  mode  from  shear  to  tensile.  After  further  displacement,  deformation  of  the 
part  again  changed  the  loading  orientation  which  changed  the  propagation  mode  back  to  the  more  ener¬ 
getically  favorable  shearing  mode.  Also,  the  stresses  were  now  sufficient  at  this  point  to  cause  additional 
delaminations  to  initiate  and  propagate  in  the  knee  region.  This  continued  until  the  crack  reached  the 
gripped  region  which  was  clamped  and  restricted  further  crack  propagation. 
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Figure  15.  SEM  Micrograph  of  a  Mode  1-Type  (Tension)  Fracture  Surface  in  Region  2 
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3.  CONCLUSIONS 

a.  Nondestructive  evaluation  revealed  that  delaminations  were  present  throughout  the  component  with 
a  major  delamination  emanating  from  the  knee  of  the  component  in  the  center. 

b.  Based  on  the  infared  analysis,  the  material  is  a  350°F  cure  epoxy/graphite  fiber  composite  which  is 
similar  to  the  Hercules  3501-6  resin.  A  Teflon  peel  ply  was  observed  at  the  knee  region  extending 
approximately  1  inch  into  both  flanges. 

c.  TMA  identified  some  undercured  regions  in  the  component.  It  could  not  be  determined  whether  this 
contributed  to  fracture  initiation. 

d.  The  fracture  surface  exhibited  different  modes  of  crack  propagation  initiating  from  the  peel  ply. 

e.  Because  the  actual  testing  configuration  was  not  given,  a  scenario  was  developed  to  explain  the 
fracture  sequence.  The  component  was  gripped  at  both  edges  and  then  pulled  apart.  This  caused  a  crack 
to  initiate  primarily  in  the  center  adjacent  to  the  peel  ply  and  propagate  by  a  shearing  mechanism  (mode 
II).  In  some  regions,  changing  stress  conditions  and  material  constraints  caused  the  crack  propagation 
mode  to  change  to  a  mode  I  (tensile)  and  back  to  mode  II. 
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ABSTRACT 


As  a  requirement  for  the  composite  Failure  Analysis  Handbook  contract,  two  small-scale  components  were 
fabricated,  mechanically  tested  and  submitted  to  Boeing  for  failure  analysis.  The  purpose  of  this  analysis  was 
to  demonstrate  and  evaluate  the  procedures  in  the  handbook  on  a  failed  part. 

This  analysis  was  performed  on  a  small  rectangular  metal  honeycomb  sandwich  panel  with  carbon  fiber 
reinforced  plastic  facesheets.  This  represents  the  second  part  of  the  two  small  scale  components.  For  this 
analysis,  a  simplified  version  of  the  Fracture  Analysis  Logic  Network  (FALN)  was  used. 

Following  the  steps  of  the  FALN,  the  part  was  initially  examined  by  non-destructive  methods  which  revealed 
damage  throughout  the  panel,  including  damage  to  the  honeycomb  core  and  a  major  delaminated  region  was 
located  in  the  middle  of  one  of  the  panel  orientated  across  the  transverse  direction.  There  were  no  failures 
between  the  cell  walls  and  the  adhesive  material. 

Material  analysis  of  the  panel  identified;  the  face  sheets  were  CFRP  similar  to  the  3501-6yiM6  material,  the 
honeycomb  was  a  5000  series  aluminum  alloy,  and  the  adhesive  was  an  epoxy  with  additional  compounds. 
A  microstructural  examination  of  the  face  sheets  revealed  porosity  uniformly  distributed  throughout  the 
matrix. 

Based  on  the  information  obtained  in  the  examination,  the  most  probable  explanation  which  would  account 
for  the  damage  would  have  been  a  simple  longitudinal  compressive  loading.  In  addition,  because  no  evidence 
of  prior  damage  was  found,  it  was  assumed  that  all  of  the  damage  was  a  result  of  this  compressive  loading. 
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1.0  INTRODUCTION 


TTiis  report  is  a  Technical  Operating  Report  (TOR)  describing  the  failure  analysis  of  a  honeycomb  sandwich 
component  provided  to  Boeing  by  the  Air  Force.  As  a  requirement  for  the  Composite  Failure  Analysis 
Handbook  contract,  two  small-scale  and  one  large-scale  components  were  fabricated,  mechanically  tested  and 
submitted  to  Boeing  for  failure  analysis.  This  work  was  conducted  under  the  Add-on  contract  to  the  F336 1 5- 
86-5071  contract.  The  overall  contract  program  objective  is  to  create  a  handbook  containing  the  procedures, 
techniques ,  and  data  necessary  to  conduct  failure  analysis  of  fiber  reinforced  composite  structures .  In  addition, 
the  handbook  will  include  case  histories  demonstrating  the  use  of  these  techniques  and  procedures. 

As  part  of  this  demonstration,  certain  aspects  of  the  design,  fabrication,  and  testing  of  the  component  were 
withheld  from  this  investigation.  The  primary  reason  for  this  was  to  provide  a  number  of  unknown  factors 
which  will  allow  for  a  more  realistic  analysis  of  a  component  that  has  failed.  In  addition,  by  comparing  the 
failure  analysis  results  and  conclusion  with  the  known  parameters,  an  evaluation  of  the  procedures  and 
technique  utilized  in  the  investigation  could  be  made.  Since  the  part  was  considered  a  “small-scale” 
component,  only  the  simplified  fracture  analysis  logic  network  (FALN)  was  utilized  (Figure  1 ).  This  network 
illustrates  the  most  effective  sequence  of  steps  to  perform  a  complete  and  thorough  analysis. 


2.0  TECHNICAL 


2.1  BACKGROUND  AND  HISTORY 


As  explained  above,  various  aspects  of  the  fabrication  and  testing  of  the  components  were  withheld  from  the 
investigator.  As  a  consequence  there  is  essentially  no  background  or  history  available  for  this  analysis. 


* 
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2.2  NON-DESTRUCTIVE  EVALUATION  /  EXAMINATION  (NDE) 

Optical  Examination 

The  component  was  a  rectangle  metal  honeycomb  sandwich  panel  with  carbon  fiber  composite  face  sheets. 
It  was  approximately  0.6  inch  thick,  measuring  9.0  inches  by  6.0  inches  (see  Figures  2  &  3).  The  top  surface 
contained  a  transverse  bulge  located  in  the  middle  of  the  panel  approximately  1  inch  wide.  The  bottom  surface 
was  generally  warped.  Examination  of  the  honeycomb  core  along  the  edges  revealed  that  all  of  the  honeycomb 
core  was  damaged  (see  Figure  3).  However,  no  honeycomb/adhesive  failures  were  observed,  only  the  cell 
walls  were  deformed  with  the  bonds  to  the  facesheets  being  intact. 

Slit  Illumination  Photography 

Followmg  the  visual  examination,  the  surface  of  the  component  was  analyzed  using  slit  illumination 
photography.  This  technique  involves  photographing  a  series  of  beams  of  light  projected  at  an  angle  onto  the 
panel  (Figures  4  &  5).  Variations  in  the  surface  are  seen  as  curvatures  of  the  slit  of  light  which  have  been 
calibrated  to  correspond  to  the  variations  in  depth  and  height  of  the  surface.  This  allows  for  quantitative 
documentation  of  the  surface  deformation  as  shown  in  Figure  6.  Examination  of  the  data  reveals  that  the  entire 
back  side  of  the  panel  was  warped.  This  is  shown  as  both  in  a  twisting  and  buckling  type  of  deformation.  It 
also  indicates  that  no  region  of  the  panel  was  undamaged. 

Computed  Tomography 

Because  the  structure  of  the  honeycomb  core  does  not  lend  itself  very  well  to  a  number  of  commonly  used 
NDE  techniques,  the  component  was  examined  using  Computed  Tomography.  This  technique  involves  the 
use  of  multiple  x-ray  images  of  the  specimen  which  are  then  mathematically  reconstructed  to  produce  a  3-D 
image.  This  allows  for  the  examination  of  “slices”  of  the  internal  structure  at  various  angles  and  depths.  The 
CT  system  employed  for  this  analysis  was  the  Boeing  ACTIS  system  using  a  2mm  beam  thickness.  Figure 
7  illustrates  the  approximate  locations  of  the  these  scans. 
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(b)  Bottom 

Figure  2.  Photographs  Showing  the  Top  and  Bottom  Surfaces  of  the  As-Received  Component 
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(c)  Left  side 


(d)  Right  side 


(b)  Back 

Figure  3.  Photographs  Showing  the  Front,  Back  and  Sides  of  the  Component 
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(b) 

Figure  4.  Buckled  Surface  Showing  the  Angled  Slit  Lighting  Contours 
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(a) 


(b) 

Figure  5.  Smooth  Surface  Showing  the  Angied  Slit  Lighting  Contours 
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Figures  8  through  1 1  through  show  the  various  images  of  the  slices  through  the  component.  The  longitudinal 
slices  1, 2,  &  3  show  the  damage  present  in  the  honeycomb  regions  in  the  center  of  the  component.  The  front 
half  of  the  panel  appears  to  have  been  crushed  by  a  macroscopic  shearing  of  the  upper  front  half  of  the 
facesheet.  The  back  half  exhibited  little  if  no  damage.  However  near  the  bulge,  the  core  appeared  to  be  crushed 
in  the  short  transverse  direction.  There  was  no  evidence  showing  any  longitudinal  buckling  trends  to  either 
end  (from  one  end  to  the  other).  TTiis  transverse  damage  was  located  all  along  the  back  half  of  the  component. 

In  addition,  there  was  no  evidence  indicating  that  any  honeycomb/adhesive  failures  occurred.  All  of  the 
fractures  in  the  core  were  located  in  the  middle  of  the  cell  walls.  This  result  is  similar  to  the  optical  examination 
on  the  exposed  edges  of  the  panel. 

Through  Transmission  Ultrasound  Analysis 

Because  there  was  a  major  delamination  in  the  center  of  the  part,  no  TTU  analysis  was  performed.  The 
damaged  regions  would  have  allowed  excessive  water  to  enter  the  honeycomb  cell  causing  false  indications 
of  voids  and  delaminations.  Pulse  Echo  was  not  performed  for  similar  reasons. 


2.3  MATERIALS  CHARACTERIZATION 

Chemical  Analysis 

A  sample  of  the  panel  was  removed  and  submitted  for  chemical  analysis.  The  facesheet  and  the  adhesive 
materials  were  examined  using  an  Infra-red  Fourier  Transform  instrument  for  chemical  identification. 
Determination  of  the  honeycomb  core  of  the  material  was  done  by  Energy  Dispersive  Spectroscopy  (EDS) 
in  a  microprobe  instrument.  A  Differential  Scanning  Calorimetry  (DSC)  instrument  was  used  to  determine 
the  glass  transition  temperature  (Tg)  and  moisture  content. 
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Figure  9.  CT  images  of  the  First  Longitudinal  Scan 


3X 


14 


B-15 


4.8X 


Figure  10.  CT  Images  of  the  Second  Longitudinal  Scan 
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The  following  are  the  results  of  the  analysis: 


•  Facesheets 

The  facesheets  were  composed  of  carbon  fibers  in  a  350°  F  cure  epoxy  resin  system  similar  to  the  Hercule.. 
3501-6  resin  (see  Figure  12 ).  DSC  analysis  of  the  resin  system  revealed  that  the  resin  was  fully  cured  las 
shown  in  Figure  13a). 

•  Adhesive 

The  adhesive  was  identified  as  an  epoxy  with  additional  compounds  (Figure  13b).  DSC  plots  revealed 
endotherm  peak  which  was  determined  to  be  the  result  of  melting.  Further  analysis  indicated  that  the 
adhesive  was  fully  cured. 

•  Honeycomb 

The  honeycomb  core  was  composed  of  a  5000  series  aluminum  as  determined  by  the  EDS  anabasis  (Figure 
14).  Although  aluminum  honeycomb  cores  are  usually  made  from  5000  type  alloys,  the  EDS  insirunietU 
is  not  accurate  enough  to  identify  the  specific  alloy  in  this  series. 


Microstructural  Analysis 

A  small  section  of  the  panel  was  cut,  mounted,  ground  and  polished.  The  facesheet  ply  orientation  sequence 
was:  [(+45/90/0/-45)2]s.  Major  voids  were  observed  throughout  the  facesheet  (see  Figure  15).  This  could  be 
the  result  of  incorrect  processing  of  the  composite  material  prior  to  assembly  of  the  entire  component  because 
the  adhesive  bond  appeared  to  have  been  processed  correctly. 


2.4  DESTRUCTIVE  EXAMINATION 

The  component  was  sectioned  longitudinally  along  the  same  three  locations  as  the  CT  scan  slices  to  obtain 
a  more  detailed  examination  of  the  damage  within  the  panel.  Figure  16  shows  the  cross-section  at  the  right 
edges  of  each  section  which  correspond  to  the  CT  images  in  Figures  9  to  1 1.  Examination  of  the  surfaces  reveal 
damage  similar  to  the  CT  images. 
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the  Honeycomb  Panel,  and  (b)  From 


17 


Curve  1 :  DSC 

File  intfo:  cfal  Tue  Aug  18  16:  03: 18  1992 

Sample  Weight:  1 1 .970  mg 

CFA  composite  _ 

23.0  F 


Heat  flow,  mW 


X1  197.400^^0 

X2  225.600  °C 

Peak  213.224^0 
Area  23.512  mJ 

ah  1.045  J/g 

Height  0.181  mW 

Onset  197.506  °C 


run  1 

Temp  1:  30.U  C  T1ME1:0.0  min  RATES  1: 10.0  c/min 

TEMP  2:  320.0  C 


100.0  125.0  150.0  175.0  200.0  225.0  250.0  275.0 

_ _ _  Temperature,  °C  jcc 


JCC 

PEAKIN-ELMER 

7  Series  Thermal  Analysis  System 
Tue  Aug  18  16: 13:  58  1992 


Curve  1 :  DSC 

File  intfo:  adh3  Wed  Aug  19  17: 16:  39  1992 

Sample  Weight:  7.480  mg 

CFA  adhesive  , - 


Heat  flow,  mW 


37.5 

X1 

244.400  °C 

37.0 

-  X2 

258.866  °C 

36.5 

Peak 

254.431  °C 

Area 

31.208  mJ 

36.0 

AH 

4.172  J/g 

Height 

1 .490  mW 

35.5 

Onset 

251.989  °C 

35.0 

- 

34.5 

34.0 

33.5 

33.0 

- 

32.5 

-I _ i_ 

_ I _ 

75.0  100.0  125.0 

runs,  no  ABO 

Temp  1:  40.0  C  TIME1:  0.0  min  RATES  1: 10.0  c/min 

TEMP  2:  275.0  C 


150.0  175.0  200.0 

Temperature,  °C 


JCC 

PEAKIN-ELMER 

7  Series  Thermal  Analysis  System 
Wed  Aug  18  17: 17:42  1992 


Figure  13.  DSC  Plots  of  the  (a)  Composite  and  (b)  the  Adhesive 
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Figure  14.  EDS  Spectrum  Showing  the  Major  Elements  That  Have  Been 
Detected  and  a  Semi-quanitative  Analysis  of  the  Material 


Figure  16.  Photographs  of  Cross  Sections  Through  the  Panel  Corresponding 
to  the  CT  Scans: 

(a)  CT  Slice  3 

(b)  CT  Slice  2 

(c)  CT  Slice  1 


2.5  FRACTOGRAPHY 


Because  the  facesheets  buckled  in  a  uniform  manner  typical  of  a  compression  loading,  no  fractographic 
examination  was  done. 


2.6  DISCUSSION 

The  transverse  delamination  region  of  the  facesheets  is  indicative  of  compressive  loading.  There  are  two 
general  ways  in  which  the  panel  could  have  been  loaded  in  order  to  cause  a  compressive  loaded;  the  first  would 
be  a  three  point  loading  configuration;  the  other  would  be  a  simple  longitudinal  compressive  loading  applied 
to  the  ends  of  the  panel.  If  the  component  had  been  loaded  in  the  three  point  loading  configuration,  the  bottom 
side  should  exhibit  tensile  cracking  and  the  honeycomb  core  on  either  side  of  the  transverse  delaminated 
region  would  not  have  been  damaged  or  deformed.  However,  examination  of  the  internal  structure  by  both 
the  CT  scans  and  the  sectioning  revealed  a  non-uniform  deformation.  The  longitudinal  compressive  loading 
configuration  would  most  likely  have  produced  this  type  of  damage.  Figure  17  shows  a  diagram  of  the  panel 
illustrating  a  plausible  loading  sequence  that  could  account  for  the  damage  to  the  panel.  As  the  load  was 
applied  to  both  ends  of  the  panel,  the  top  facesheet  began  to  delaminate  and  eventually  buckle.  Then  the  front 
half  of  the  top  facesheet  shifted  towards  the  back,  deforming  the  honeycomb  core  in  the  process.  This  in  turn 
caused  the  panel  to  bend  with  the  back  half  of  the  panel  remaining  relatively  straight  while  the  front  half  twisted 
downward  which  resulted  in  the  edge  of  the  bottom  facesheet  being  frayed.  The  downward  twisting  movement 
also  deformed  the  bottom  of  the  panel. 

This  description  of  the  fracture  sequence  assumes  that  all  of  the  damage  to  the  panel  was  caused  by  the  simple 
compressive  loading.  The  porosity  in  the  facesheets  was  the  only  anomaly  discovered  on  the  panel  that  wasn’t 
the  result  of  the  loading.  However  these  voids  did  not  appear  to  have  influenced  the  placement  of  the  origins 
or  crack  propagation  direction,  they  probably  only  effected  the  overall  strength  of  the  panel.  If  there  was 
evidence  of  damage  in  the  panel  prior  to  the  compression  loading,  it  would  have  been  destroyed  by  the 
subsequent  loading. 
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Figure  17.  Diagram  Showing  the  Probable  Loading  Configuration  and 
Subsequent  Deformation  of  the  Panel 
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3.0  CONCLUSIONS 

a.  Optical  examination  of  the  panel  revealed  a  transverse  delamination  across  the  panel  with  the  metal 
honeycomb  deformed  along  the  edges  of  the  panel. 

b.  Non-destructive  and  subsequent  destructive  evaluation  of  the  panel  revealed  that  the  honeycomb  core 
was  deformed  throughout  the  panel. 

c.  Analysis  of  the  materials  identified  the  facesheets  to  be  fabricated  from  a  CFRP  material  similar  to 
a  3501-6/IM6  system,  the  metal  honeycomb  core  was  a  5000  series  aluminum  alloy  and  the  adhesive 
was  a  typical  epoxy  with  additional  compounds. 

d.  There  was  a  uniform  distribution  of  voids  or  porosity  throughout  the  CFRP  face  sheets. 

e.  Damage  to  the  honeycomb  core  was  either  deformation  or  fracturing.  In  both  cases,  the  damage  only 
occurred  in  the  center  of  the  cell  walls  and  not  at  the  core-adhesive  region. 

f.  Based  on  the  information  collected  from  the  examination,  the  damage  most  likely  occurred  as  a  result 
of  longitudinal  compressive  loading. 

g.  Other  than  the  porosity,  no  other  anomalies  were  identified  that  could  have  caused  premature  failure 
or  crack  initiation. 
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1.0  INTRODUCTION 


As  part  of  the  Composite  Failure  Analysis  Handbook  Contract  (5071)  a  full  scale  test  article  was  fractured  and 
submitted  for  failure  analysis.  The  purpose  of  this  effort  is  to  demonstrate  and  evaluate  the  elfectiveness  of  ttie 
Failure  Analysis  Logic  Network  (FALN)  outlined  in  the  Composite  Failure  Analysis  Handbook  (Figure  1).  In 
addition,  to  more  effectively  evaluate  this  analysis  tool,  some  of  the  facts  pertaining  to  die  actual  test 
pcLTcuncters  and  component  configurations  were  withheld  from  the  investigator.  This  provided  a  more  realistic 
situation  for  die  investigator  to  apply  the  FALN  to  diis  analysis.  After  the  failure  analysis,  the  results  will  be 
competed  to  die  actual  test  panuneters.  From  this  compiirison,  the  FALN  can  be  modified  if  necessary. 

2.0  TECHNICAL 


2.1  UACKfrROUND  AND  HISTORY 

The  test  i^irticle  was  a  small  wing  section  manufactured  by  Grob  Industries,  Gennany.  The  section  was 
composed  of  an  upper  and  a  lower  skin  joined  together  by  a  leading  edge  cap  and  two  sp^irs  (Figure  2).  The 
wing  section  was  8.5  inches  thick  with  a  42  inch  cord.  This  test  article  is  a  16  inch  wide  and  appears  have 
been  cut  from  a  larger  wing  specimen  because  of  machine  cuts  on  both  ends. 

2.2  NON-DESTRUCTIYE  EVALUATION  /  EXAMINATION  (NDE) 

Outer  Wing  Surface  >  The  upper  wing  skin  was  composed  of  a  paper  honeycomb  core  with  layers  of 
fiberglass  jilies  on  both  sides.  White  Gelcoat  was  present  on  the  outer  surfaces.  The  upper  skin  contained  two 
long  cracks  and  one  small  crack.  One  long  crack  extended  approximately  diree  quarters  of  the  way  from  the 
leading  edge  towards  the  aft.  The  other  long  crack  was  located  between  the  mid  spar  and  the  aft  spar.  The 
small  crack  was  located  on  the  edge  of  the  wing  section  near  the  middle  of  the  wing  section.  In  addition  to 
the  cracks;  a  large  section  of  the  surface,  located  adjacent  to  one  edge  and  between  tlie  leading  edge  and  the 
mid  spar,  had  been  sanded  through  the  gelcoat. 

The  lower  skin,  fabricated  identically  to  the  upper  skin,  contained  five  regions  which  appeared  to  be  in  various 
suiges  of  repair.  Two  of  the  regions  (one  ~5,5  and  the  other  -3.0  inch  square)  were  located  in  the  main  section 
of  the  lower  skin.  Both  contained  exposed  honeycomb  and  white  potting  compound  along  the  perimeter  of  the 
exposed  regions.  In  addition,  the  surfaces  adjacent  to  these  two  regions  were  sanded.  Another  region  (-2.0 
inch  square)  simply  had  the  honeycomb  removed  down  to  the  inner  surface  skin.  Finally,  two  sanded  regions 
were  located  on  the  edge  of  the  lower  skin,  one  at  the  spiu*  cap  and  the  other  aft  of  the  mid-spar.  Both  of  tliese 
regions  were  approximately  2  inch  square  and  had  also  been  sanded  through  the  Gelcoat. 
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Figure  1.  Diagram  Showing  the  Simplified  Fracture  Analysis  Logic  Netowk 
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Figure  2.  Photographs  of  the  Outer  Surfaces  of  the  Wing  Section 

a)  Upper  Surface 

b)  Lower  Surface 
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Inner  Wing  Surfaces  -  Since  no  Gelcoat  was  present  on  tliese  surfaces,  the  plies  were  transparent  enough  to 
see  tlic  honeycomb  structure.  In  addition,  numerous  cracks  and  delaminated  regions  were  present  on  the  inner 
side  of  die  upper  wing  skin  (Figure  3).  Of  diese,  die  smaller  delaminated  regions  corresponded  to  a  crack  on 
die  outer  surface.  Another  large  delamination  region  in  diis  section  also  corresponded  to  the  sanded  region  on 
die  outer  surface.  The  section  between  die  main  spar  and  die  aft  spar  contained  only  a  few  cracks  widi  one 
hu'ge  crack  extending  between  the  two  spars.  None  of  the  cracks  in  diis  section  corresponded  to  any  on  die 
outer  surface. 

No  cracks  were  observed  in  die  lower  wing  skin,  however,  diere  were  two  built  up  regions  of  plies  and  resin 
corresponding  to  two  of  die  "repciired  regions"  on  tfie  outer  surface. 

The  main  spar  was  fabricated  from  a  foam  core  wiUi  fiberglass  plies  on  either  side.  Caps,  consisdng  of 
unidireciionaJ  plies  of  fiberglass  approximately  1  inch  wide  by  0.5  inch  deep,  were  attached  to  the  top  and 
bottom  of  diis  spar.  The  rear  spar  consisted  of  a  honeycomb  core  with  fiberglass  laminates  on  either  side  and 
attached  to  die  upper  and  lower  wing  surfaces  only  using  die  t'abric  and  resin.  This  was  suppt'rled  by  a  small 
brace  of  fabric  and  plies  located  in  die  center  of  the  test  caticle. 

FIJLSF  FXHO 

The  surface  along  die  crack  was  analyzed  using  a  hand  held  Pulse  Echo  instrument  to  determine  the  extent  of 
dehunination  caused  by  die  crack.  Figure  4  shows  die  results  of  the  examination.  There  appeared  to  be  a 
tairly  consistent  dchunination  extending  about  1  inch  on  eidier  side  of  die  crack.  No  non-destructive 
evaluation  was  performed  on  die  inner  surfaces  because  die  cracks  and  dehunination  regions  were  visible 
dirough  the  tiiuisparent  I'abric  plies  and  were  noted  in  the  preliminary  observations. 

2.3  MATERIAL  CHARACTERIZATION 

Chemical  Analysis 

A  Fourier  Tran sfonnat ion  Infrared  (FTIR)  analysis,  used  for  detennining  die  formulation  of  polymers,  was 
perfonned  on  a  smnple  of  the  resin  used  in  die  skins  and  compared  to  a  sample  of  a  parti^illy  cured  Rutapox 
resin.  The  analysis  indicated  that  bodi  samples  were  essentially  identical,  confirming  dial  wing  section  was 
fabricated  using  the  Rutapox  resin  system  (Figure  5). 

Differential  Scanning  Calorimetry  (DSC)  analysis  was  used  to  determine  die  extent  of  curing  and  the  glass 
iransistion  temperature  (Tg).  A  smnple  of  un-cured  epoxy  resin  was  analyzed  two  times  widi  an  exothermic 
reacdon  occurring  on  the  first  pass.  An  exothermic  reaction  did  not  occur  on  the  second  pass  but  a  Tg  of  112^ 
C  was  observed.  The  next  specimen  from  the  wing  section  was  also  analyzed  twice.  No  exotherms  were 


rutrpox: 

RUTRPOX  EPOXT  RESIN  NO  POST  CURE  SCfiNS--6« 


CRERTEiyae^_^l  ,27  J®' 


Figure  5.  FTIR  Plots  of  the  Wing  Section  Specimen  and  the  Rutapox 

a)  Wing  Section  Sample 

b)  Non-Post-Cured  Rutapox  Resin  Sample 
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observed  on  eitlier  analyses  and  tiie  Tg  was  103°  C  and  115°  C  tor  the  lirst  and  second  tesLs  respectively.  This 
indicates  tliat  tlie  resin  in  tiie  wing  section  had  been  fully  cured  (Figure  6  &  7). 


Thenno-inechanical  Analysis  (TMA)  is  another  method  to  determine  the  Tg  of  a  polymer.  Again  two 
specimens  were  tested;  a  non-post  cured  sample  and  a  sample  from  die  w'ing  section.  The  first  heat  cycle  ol 
the  non  post-cured  specimen  revealed  a  detinite  Tg  indication  at  59°C.  Testing  ol  the  resin  Iroin  the  wing 
revealed  a  Tg  of  1  ]()°C  and  107°C  from  die  first  and  second  runs,  respectively.  The  difference  between  these 
two  tests  confirmed  diat  die  wing  smnple  was  fully  cured  because  the  Tg  values  were  similar  to  die  DSC 
analysis  and  diat  the  uncured  specimen  exhibited  a  lower  Tg  and  an  exotherm.  (Figure  8  &  9). 

t 

Microstructural  Analysis 

The  fiber  volume  of  die  composite  sections  in  die  honeycomb  was  determined  to  be  approximately  43'//  by  wi.  / 

using  an  acid  digestion  lechnique. 

2.4  OESI  RliCTIVE  EXAMINATION 


Cross  sectional  analysis  was  performed  on  die  specimens  from  two  of  die  cracks  on  die  upper  wing 
skill  (Figure  10  &  11).  The  outer  and  inner  surface  of  the  upper  wing  skin  consisted  of  a  layer  of  Geicoat  and 
two  plies  of  fiberglass  fabric,  oriented  in  a  0/90  direction.  The  honeycomb  core  w^is  attached  lo  the  plies  by 
die  smne  resin  as  die  plies.  The  honeycomb  core  had  a  cell  size  approximately  3/16  inch  from  side  to  side. 

The  cracked  regions  appeared  to  have  been  die  result  of  a  buckling  of  the  upper  skin.  In  some  regions 
where  a  crack  w’as  present  on  bodi  sides  of  die  skin,  die  honeycomb  core  was  fractured  diagonalh’  also 
consistent  widi  a  buckling  load. 

2.5  FRAC10(wRAPHY 


Sections  of  the  upper  wing  section  containing  the  cracks  were  cut  out  lor  scanning  electron  miroscopy  (SEM). 

These  sections  were  assumed  to  be  representative  of  die  crack  along  its  leiigdi,  three  Irom  the  lorwtird  crack, 
three  from  the  aft  crack  and  one  from  the  edge  crack.  After  removing  these  samples  from  die  wang  skin,  they 
remained  intact  and  had  to  be  further  machined  to  expose  the  crack  surfaces  for  examination.  This  was  ^ 

accomplished  by  cutting  dirough  the  backside  facesheet  and  the  honeycomb  of  the  specimens.  On  three  of 
diese  sections,  it  was  impossible  to  separate  them  without  inducing  further  damage  into  the  existing  crack. 

The  two  specimens  that  were  able  to  be  separated  were  coated  with  Au-Pd  and  examined  using  a  SEM.  The 
fracture  surfaces  wmre  frayed  widi  numerous  loose  fibers  pulled  from  the  crack  surfaces  (Figure  12).  The  fabric 
tows  perpendicular  to  the  crack  direction  were  bent  upward.  Closer  examination  of  these  fiber  ends  revealed 
fractures  consisent  with  compression  failure,  initiating  at  the  bottom  of  the  fibers.  The  dominate  fracture 
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Outer  Surface 


Figure  10.  Cross  Section  through  a  Crack  in  the  Upper  Wing  Skin 


Outer  Surface 


Figure  1 1.  Cross  Section  through  a  Crack  in  the  Upper  Wing  Skin 


Figure  12.  SEM  Photographs  of  the  Crack  Surfaces 
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feature  on  the  both  the  fibers  parallel  and  perpendicular  to  the  crsLck  were  the  hackles  indicating  a  mode  II 
(shear)  loading. 

2.6  DISCUSSION 

The  fractures  were  most  likely  the  result  of  a  buckling  of  the  upper  skin  that  bent  the  edges  upwards  in  relation 
the  center  of  the  wing  section.  This  buckling  was  likely  caused  by  eitlier  a  general  three  point  bending 
configuration  or  a  longitudinal  compression  loading  (Figure  13).  In  the  case  of  the  compression  loading,  ifs 
assumed  tliat  the  test  grips  or  plates  were  removed  prior  to  this  investigation  because  no  indication  of  crushed 
skin  or  honeycomb  were  seen  on  the  edges,  ( 

However,  the  fact  that  no  cracks  or  delaminalions  are  present  on  the  lower  skin,  the  spars,  or  the 
leading  edge  is  not  consistent  with  either  proposed  loading  configuration.  All  of  these  components  would  have  ^ 

been  also  subjected  to  some  type  of  loading  with  the  upper  skin  loading,  but  they  did  not  suffer  any  damage. 

One  possible  explanation  is  dial  this  wing  section  was  loaded  cyclically  in  bending  or  compression.  This 
could  initiate  and  propagate  localized  cracks  before  general  cracking  occurred  throughout  the  part.  On  die 
other  hand,  no  fracture  features  indicative  of  fatigue  loading  were  observed  along  the  crack.  Examination  of 
the  disbond  regions,  on  eitlier  side  of  the  aack,  might  have  found  these  features  however  it  was  not  possible  to 
access  the  surfaces  without  further  damaging  them. 

3.0  CONCLUSIONS 

1.  The  wing  section  contained  two  major  cracks  which  extended  from  the  leading  edge  of  die  wing  to  die  afi 

edge.  Anodier  small  crack  was  located  at  the  edge,  in  the  middle  of  the  wing  section.  All  of  the  cracks 
were  on  the  upper  wing  skin.  * 

2.  Chemical  analysis  of  die  materials  did  not  reveal  any  anomalies  in  the  materials.  No  material  or 
fabrication  anomalies  which  could  have  contributed  to  crack  initiation  were  found. 

3.  Cross-sectional  and  SEM  analysis  revealed  the  fractures  were  caused  by  buckling  of  the  upper  skin.  The 

specific  cause  of  the  bucking  could  not  be  determined.  ^ 
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